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SECTION I

ULTRASONIC ATTENUATION IN ALKALI SILICATE

GLASSES BETWEEN 80 and 300'K

Introduc tion

W The acoustic loss spectra for almost all glosses having

tetrahedral structure exhibit very interesting features at low

I temperatures [1-8). For instance, a large attenuation peak is

observed for fused silica at 48 0 K. Anderson and Bommel [1)

suggested that the observed attenuation in the low temperature

region is related to the transverse motion of oxygen atoms in

the Si-O-Si bridge. The oxygen atom can assume any of two or

S..,more equivalent positions around the straight angle. The dis-

placed oxygen atom requires a small activation energy (1340

cal/mole) to return to its original position, thereby causing

ultrasonic loss. Based on the same structural concept but

., •-assuming longitudinal rather than transverse motion of the oxygen

atom in the Si-O-Si bridge, Strakana [2,31 developed a theory to

explain the loss peaks for SiO2 , GeO 2 , B2 0 3, and As 2 0 3 glasses.

Although both of the theories offer a good explanation for

acoustic loss they do not explain any of the other anomalous

properties of fused silica such as negative thermal expansion,

posiLive temperature derivatives of elastic moduli, negative

pressure derivatives of elastic moduliand excess specific heat.

Moreover, neither theory is compatible with the X-ray data on

oxygen adgle distribution [9]. Recently, Vukcevich [9] has

developed a new 'two minima potential' model to explain most
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ot th ;, aionmalous properties of fused silica including anomalous

acoustical properties, the model being in agreemenqt with the

X-ray data. According to this model, the vitreous network has

a tendency to assume certain values of the Si-O-Si angle. These

angles are grouped around two crystalline phases, namely a and

phases, separated by a potential barrier. The activation energy

required for a rotation from y to 0 phase is ,very close to the

activation energy calculated for dielectric and acoustic loss.

The Vukcevich theory thus offers very good explanation for

the relaxation mechanism.

A review of the work on glasses shows that not much attenua-

tion work has been done in alkali silic4te glasses at ultrasonic1d

frequencies. The results of ultrasoniq attenuation at 30 MHz in

M2 -SiO2 glasses (where M is lithium, 'sodium, or potassium)

are presented here in the temperature range of 80 to 300°K. Three

relaxation mechanisms are possible for alkali silicate glasses--H4
the low temperature structural relaxation involving a small

activation energy caused by oxygen atom vibration in the Si-O-Si

bridge [1,2], the alkali ion-migcation-type relaxation occurring

at relatively higher temperature (4,10,11,15], and the relaxation

ip

caused by phase transformation near the phase transition tempera-

ture, T [12,15]. However, in the present temperature range and

frequency, only structural relaxation and some part of thealkali-

migration is observed. I

Experimental Methods

Alkali silicate glastses, synthesized at the National Bureau

7E
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of Standards, Washington, D. C., and fused silica (Corning (;lass

Works code 7940) were used in this study. Table 1 contains the

chemical composition of the glasses along with their annealing

temperatures. Right circular cylinders of 1.9-cm diameter and

,41,

1.2-cm length were cored, and the end faces of these specimens

were pol ished so that they were parallel to within 1 part in10

and flat to + 1/2 wavelength of sodium light.A

A modified pulse-echo-overlap method developed by Chung et

al. [1131 was used for measuring ultrasonic attenuation at low

temperatures. The block diagram of the experimental setup is

shown in Figure 1. This method is essentially a pulse-echo

method with a few variations in the velocity measuring technique.

In this method, the pulse repetition frequency is divided by 100

o r 1 0 0 0 a n d t h

or 100tandrs tsheRF pulse generator is triggered at the divided

frequency. However, the oscilloscope is triggered externally

by the repetition rate generator so that a cycle-for-cycle "1

Lmatch of all echoes is observed. Selective intensification of

a pair of echoes is effected with a two-channel 'strobe' delay

generator contained within the attenuation recorder (Matec model

2470) and with output to the Z-axis of the scope. These strobes

simultanbeously open two gates within the attenuation recorder 1

so as to select the video forms of the same two echoes from the

echo train. Following peak detection, the logarithmic difference

of the two echoes is measured and displayed on the X-Y recorder.

In practice, attenuation measurements have an accuracy of 1%

and a resolution of 0.2 db. The method allows a continuous

r

i{ ii
•". - . . . . . ..et h o , 't . . .u s e r p e t t i o n f re.e n.. .s.. .i ed-b-I 0
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Table 1. Chemical composition, density and annealing
temperature of the alkali silicate glasses.
Also included are data for fused silica (COW
7940) 1, 3., 8)

Composition Density Annealing Temp.
Class Mole % 0C

M Si022

CGW 7940 0 100 2.201 1020
(fused

i silica) Li 20 -Si0 2 Glasses

K -199 20 so 2.282

K-154 25 75 2.306

K-171 28 72 2.322

1 X-163 30 70 2.331

K-162 35 65 2.348

K-197 35 65 2.349

SMs20 -i CL2 lasses

S1K-110 10 * 90 2.288 575

K-lll 15 85 2.336 540

'-112 20 80 2.383 520

K-113 25 75 2.431 510

K-114 30 70 2.474 495 I
K-115 35 65 2.495 475

K-116 40 60 2.520 450

K20 - SiO2 Classes

K-196 15 85 2.337

K-194 20 80 2.380

K-192 25 75 2.422

.>. .. -, -k , -.: ';-:-..-- •":, ••:' t••:••
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3monitoring of the attenuation am a function of temoerature.

and re8solving any relaxattonal phenomena within the absorption

spectra.

Twenty MHz, X- and Y-cut, 6-mm diameter, quartz transducers

were bonded to the specimen with either Nonaq (Fisher Scientific

Co.) or DC 200 silicon fluid (Dow Corning) having viscosity of

12,500 cs.

Results and Discussion

The composition dependence of 30 MHz longitudinal, of

and shear attenuation, at, was investigated in 17 alkali silicate

glasses at room temperature. Of these, seven were Li 2 0-SiO2 ,

seven Na20-StO2, and three K2 0-SiO2 glasses. The results of

attenuation versus the H2 0 content, listed in Table 2 and plotted

in Figure 2, show that both the yp and a5 generally increase

with the M2 0 content. As compared with the nearly linear
2I

composition-dependence of yp, the a8 varies curvilinearly with

composition, the concavity of the curves being toward the

composition-axis. Among the glasses studied, the Na 2 0-SiO2

glasses have highest ap and of values. For given 2 0 content,

ap value increases in the order of Na > K > Li glasses, whereas

the a. value increases in the order of Na > Li > K glasses (Fig.

2). The best-fit equations relating the linear dependence of

a1 and quadratic dependence of at to the M2 0 content, M, respec-

tively, for the three types of alkali silicate glasses are listed

in Table 3.

i1
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Table 2. Composition Dependence of 30 MHz LongLtudinal and
Shear Attenuation in Alkali qilicate Glasses

Composition, otel• Attenuation, db/,c a /a

Class No. M2 0 S10 2  Longitudinal Shear
(ap) (as)

2 11i2 -5102 g1sessa
r-199 20 10 3.50 6.97 1.99

S-154 25 75 4.03 7.60 1.69

28-171A 2 72 4.82 8.95 1.86

1-163 30 70 5.11 9.12 1.78

* 1-170 32 68 5.06 10.16 2.01

K-162 35 65 5.37 11.01 2.05

K-197 35 65 5.36 10.90 2.03

m 3 20-sio 2 la.sses

K-110 10 90 2.60 5.40 2.08

K-111 15 85 3.70 7.61 2.06

1-112 20 80 4.31 9.22 2.14

1-113 25 75 5.12 11.95 2.33

1-114 30 70 6.12 14.89 2.43
- I 1-115 35 6! 7.05 17.75 2.52

1-116 40 60 7.90 20.21 2.56

"It20-SO2 S lassee

"1-196 15 85 2.51 5.35 2.13

1-194 20 s0 3.27 7.09 2.17

1-192 75 3.88 8.90 2.29

* -

V•
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GLASS LONGITUDINAL SHEAR

U12051S02 A A

I20 N020- S'02  0 0
20 K20 Si0 2  0 E K 116

K115

~16

OKK112

uJ

Kill

4 7

7940 I~
0 10 20 30 40

M20,MOLE % 1;

Fig. 2. Composition dependence of ultrasonic attenua-
tion of longitudinal and shear waves in alkali
silicate glasses at room temperature.



Table 3. ResuLts of the analyses of data in Table 2. expressed as

- A IMand~ -C + DM + EM 2 where M is mole %. M 0.

Unt f ot and a coefficlonts A and C:dbc;Bnd:

dbfcna mole 7;and E: db/cm (mole %

Best-Fit Values CBest-Foni.t5031 Values Sadr

K0s 0.480 0.137 0.998 0.550 0.299 0.0014 0

2 2

0.~. - - ~ . . . . . . . . . . . . . .
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For the alkal. silicate glasses Investigated, the ratio

a itp ranges between 2 and 2.6, being "'\ 2 for Li 0-Sio contain-
S2' 2

ing 10 mole % Li 2 O, slightly decreasing and then increasing with

increasing M; for the Na 20-Sio2 and K 20-SiO2 glasses, the ratio

monotonically increases from °. 2.1 (for 15 mole % K 0) to % 2.6

(for 40 mole % K2 0).

The frequency (f) dependence of cc was studied in the 10 to
p

90 MHz range for the 10 alkali silicate glasses in which M2 0

content varies from 15 to 40 mole Z. Results are given in Table

4. The relationship between (a and f for the three alkali sili-

p
cats glasses, containing 25 mole % M 20, is shown in Figure 3A

Figure 3B is a similar (I versus f plot for the three types of
P.;

alkali silicate glasses for which the frequency dependence of

a was studied in the maximum frequency range.
p

As can be seen in Figure 3, relationship between t and f
p

is linear, within experimental errors, for all the glass compo-

sitions studied. By assuming an exponential relationship of

a to f (as was commonly found), a = kf , where k and X- are
p P

constants, we calculated X to be ', 1 (1.00 ± 0.09) for all the

glass compositions. This then excludes any possibility of

Akhieser- type phonon-phonon interaction loss, which would have

yielded values of : " 1. The attenuation a was also found to
p

be independent of the power of the ultrasonic generator (within

receiver linearity), which shows that the attenuation is not

hysteresis-type loss. 4

The temperature dependence of a and a at 30 MHz, inves-
p s

tigated in the range of 80 to 300°K for seven lithium and three

111_.4 ........................................................... . .
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Table 4. Frequency dependence of longitudinal attenuation (a) in alkali
silicate glasses; k and ).are the best-fit values Pfor the
assumed relation o ,, kfX

p

a , db/cm k
I Glass No. _ X

and Ire__queTe y. ,_Ilz db. sec/cm
Composition* 10 30 50 70 90 110

L2 0-SO2 glasses

K-199 (20) 1.30 3.50 6.17 8.60 11.90 14.43 -0.917 1.011

K-154 (25) 1.79 4.03 6.80 10.31 -0.651 0.882

K-163 (30) 1.99 5.11 8.75 12.79 -0.662 0.948

K-162 (35) 2.05 5.37 9.11 12.71 -0.636 0.941

14. 0-S io l s e
2 iO 2 glasses

K-113 (25) 1.75 5.12 9.07 13.23 16.35 -0.794 1.03

K-115 (35) 2.54 7.05 11.75 -0.546 0.948

.- 1( (40) 3.0 7.90 13.2 -0.441 0.914

K 2 0-Si02 glasses

K-196 (15) 83 2.51 4.45 6.63 9.53 11.49 -1.207 1.105

K-194 (20) 1.01 3.27 5.72 8.46 -1.087 1.088

K-192 (25) 1.24 3.88 6.63 -0.948 1.041

M 0 content of glass is given in parentheses.

Li 
.

2A 4

7QI
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20 I - -, I _ ' ,

Li 2 0-SiO'2 125)1 AU 20.SIO 120)
* N 20- SgO? (25) *No.O- SO (2 5)
a K2-O.SiO 2 (25) ,K O -O.S.O 215)16 7

4

0120

4-

(A)

0 0s 1200 40 so 120

FREQUENCY, MHz

Fig. 3. Frequency dependence of longitudinal wave attenua-
tion in alkali silicate glasses at room temperature.
(A): alkali silicate glasses containing 25 mole % M2 0;
(B): the three types of alkali silicate glasses for which
frequency dependence of a has been examined in maximum
frequency range.

•1

(..
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potassium silicate glasses, are presented in Figures 4-7.

Similar data for seven sodium silicate glasses were reported

in an earlier paper [14) and are reproduced in Figure 8. One

of the important findings of the previous study of Na 2 O-SiO2

glasses [141 was the broadening of the low-temperature attenuation

peak (observed at - 47*K in fused silica) with increasing Na 2 0

contentwhich was explained as being caused by either thermal

broadening [I], or a wider distribution of activation energies,

or superposition of the high-temperature alkali ion relaxation,

the latter possibility existing at least for the low-silica

glasses. The other important finding was the shift of peak

attenuation temperature toward higher temperature with increasing

Na20 content (see Fig. 8). In view of this and the limited

temperature range (80 to 300 0 K) of previous and present studies,

the low-temperature attenuation peak& below 80K could not be

observed for the low-alkali glasses. In the study of Na 2 0-SiO2

glasses [14], the attenuation peak above 80*K was observed for

only those which contained 20 or higher mole 7% Na2O0 (Fig. 8).

In the present study of the lithium silicate glasses, the corre- '

sponding low-temperature attenuation peak is not observed for any

of the glasses (Fig. 4); the attenuation peaks presumably occur

between 47 and 80'K, more so near 47*K, which is outside the 11

temperature range of our study. In Figure 5, showing temperature

iidependence of CIp for the three potassium silicate glasses, we4

observe an attenuation peak at - 1030K for the K 192 glass which

contains 25 mole 7% K20. The temperature dependences of Cs for

:• .• 2

':'- ' ,_'.! ,•, •..• . .. ... • ... . .. .• . ... . • •,•.. . . . . ... . .. :..,•,.: . , ,i • .. . .. . . . . . .• .. . [ " "'••" !Z;
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K 162 (35
K 197 135)

20- SiO2 GLASSES K163 130)

5 LONGITUDINAL MODE

(30 MHz) KI71 (281

Ii i

K 154 (25)-4-
i K 199 (20)

280 160 240 320

TEMPERATURE ,'K i

Fig. 4. T'emperature dependence of longitudinal wave at.tenua-

tion in Li 2 O-SiO2 glasses.

M.

4' l- .. . . . . . . . . . . '1... . . .. ,. .. . . . . .
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-0 4 K 192 (25)

SK 194 (20)

D
Z_ K 196(15)
LU

K20- SiO 2  GLASSES

LONGITUDINAL MODE
(30 MHz)

0I j I I I
80 160 240 320

TEMPERATURE, K

Fig. 5. Temperature dependence of longitudinal wave attenua-

tion in K2 0-Si0 2 glasses. '
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KIY 197(3)

1120- Si0 2  GLSE 162 (35)

SHEAR MODE K7(2

K 199 (20)

0

LU

-4

I01
80 160 240 320

TEMPERATURE, *K

Fig. 6. Temperature dependence of shear wave attenuation in

Li2 0-SIO glasses.
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N020- SiO 2  GLASSES
(LONGITUDINAL MODE) 'Ž ,

E

-0

z

FUSE SILICA 7940 (0)
080 160 240 320

TEMPERATURE, °K

Fig. 8. Temperature dependence of longitudinal wave attenua-

tion for Na 2 0-Sio 2 glasses; the values in parentheses denote

mole % Na2 0.

2i
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these glasses (Figs. 6 and 7) follow the same trends as their

temperature dependence of op (Figs. 4 and 5). A comparison of the

trends in the av versus temperature curves for the K2 0-SiO2

glasses (Fig. 5) indicates that the attenuation peak for the K

194 (20 mole %, K20) and K 196 (15 mole % K 20) glasses would be

observed at temperatures below 80OK.

In order to examine the low-temperature structural relaxa-

tion, it would be of interest to find if the attenuation peak

in K2 0-SiO2 glasses shifts in a trend similar to that in Na 2 0-SiO2

glasses, by extrapolating che attenuation versus temperature

curves. Because of the broadening of the peak, there is signif-

icant uncertainty in predicting the peak attenuation temperatures

in this manner, especially for the low alkali glasses, as was the

case for the glasses K 110 and K 111 (Fig. 8) [14]. Nonetheless,

an examination of Figures 4 and 6 indicates a strong support for

our previous finding that the peak attenuation temperature does

shift toward higher temperature with increasing alkali content.

This point may be further tested by conducting experiments in the

50 to 80*K range.

In order to examine the low-temperature structural relaxa-

tion mechanism present in fused silica and also in alkali

silicate glasses, it would be of interest to compute, from the

frequency dependence of peak sound attenuation temperature, the -

most probable activation energies for different alkali concentra-

tions. As attenuation data at different frequencies are not yet 1

available, no attempt can be made to calculate the activation

T



e tie rg Ien However, from the shjift of thle peaks to higher

temperatures, it is suggosted that In some systematic- fashion

the act ivat ion energy is inc reas ing with increasing alkali

content.

Although tile high temperature alkali relaxation seems to

obscure the low temperature side of the attenuation curve, at

least for low-silica glasses, it is clearly Indicated by the

magnitude of the attenuation curves that thle magnitude of theIipeak attenuation (see Figs. 4, 6 and 8), and thus the relaxation 4

strength, decreases with increasing alkali concentration.

'I ~However, this behavior is not observed in potassium silicateI

glasses (Figs. 5 and 7), which could be hecause of a relatively

slower decrease of K ion relaxation strength with temperature.

Phenomenologically, the attenuation process can be interpreted

on the basis of a structural model in which the alkali molecule

modifies the existing Si-O-Si bridge. This modification may

result in the formation of a weaker Si-0-M bond or an unbridged

Si-0 bond. Thle former type of modification would impede the

movement of the oxygen atoms, and since the movement of the

oxygen atom is assumed to be the cause of attenuation, this would

result in a decrease in attenuation accompanied by an increase

in the activation energy. The latter structure would, however,

make no contribution to the attenuation ~.in other words,

loosening of the structure occurs with the addition of alkali

ions. This is czompatible with the internal friction data at .

* low frequencies (10).
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Figure 9 shows the temperature dependence of longitudinal

attenuation in the three types of alkali silicate glasses con-

taining 25 mole % M70. It appears that the effect of alkali

ions on the peak attenuation temperature is increasing in order

of Li > K > Na. No comments can be made on the intensity of

structural relaxation peak as it is hard to resolve from alkali

ion relaxation contribution.

At 30 Milz, one would expect to observe alkali ion relaxation

as temperature-dependence of longitudinal and shear attenuation

increases with increasing alkali content. The effect of composi-

tion on the internal friction at much lower frequencies for

Na 2 O-SiO2 system, studied by Forry [l0O, shows an increase in

intensity and decrease in peak temperature as the Na 2 0 content

* increases. In light of this and our results (Figs. 4-5 and 9),

it may be concluded that the high temperature attenuation peak

* would shift toward lower temperature, accompanied by a decrease

in the activation energy, with increasing alkali content. A

similar shift in the high temperature relaxation is also observed

Sfor the Na 2 O-GeO 2 system [12]. However, because of the limited

temperature data, no comparative study on the strength of alkali

ion relaxation can be made. It is desirable to investigate

further the composition dependence of alkali ion relaxation at

high temperatures and low frequencies in the alkali silicate t

glasses.
'-

SS S se.ii

iA$
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6- LONGITUDINAL MODE
~1. (30 MHz)

E 75% SiO 2

5-

Z 25% 1020

4-

25% K20z
LU ~75% SiO 2

21*

80 160 240 320 1i
*1 TEMPERATURE,O*K

Fig. 9. Temperature dependence of longitudinal wave attenua-

tion for the clkali silicate glasses containing 25 mole %
MO0
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SECTiON I I

ELASTICITY OF ALKAI, SILICATE GLASSES

The elastic parameters of the 21 glaoses in the

systems Li 2 0-SiO2 1 Na 2 O-SiO2  and K2 0-SiO2 with systematic

compositional variation (M 20 content varying from 10 to 55

mole %) have been investigated both at ambient pressure and

temperature as well as to 5 kbar and to 300°C. The

results are given In Table 1. Tn a given M2 0-SiO 2 glass

system, the elastic properties can be related to the M20 con-

tent or Si02/M 0 ratio. The composition-dependence of the

moduli is shown in Figures 1 through 3. The Li 2 0-StO2 glasses

behave differently from the Na 20-Si 2 and K20-Sio 2 glasses

in that the addition of M20 causes an increase in Young's and

shear moduli in the former and a decrease in the latter. The

bulk modulus, however, increases in all three cases. It

"". ;A appears that Ll20 does not weaken the silica structure, in

contrast to the role of Na 2 0 and K 20.

Figures 4 and 5 show the relationships between dK/dP, dp/dT,

dK/dT, and composition. The present results confirm the

earlier findings that the anomalous behavior of silica-based

glasses (decrease of moduli with pressure) can be quantita-

tively related to the SIO content. Figure 6 shows a relation-
2

ship between (d Zn p/dP) versus Poisson's for the alkali

silicate glasses, which compares well with the other tetrahe-

drally coordinated glasses like SiO2, GeO 2 1 and BeF 2 111
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SECTION III

THERMAL EXPANSIVITY OF ALKALI SILICATE

GLASSES BETWEEN 25 AND 300 0 C

Introduction

A solid expands on heating because the atomic configuration

corresponding to minimum free energy changes with temperature.

' Contributions to the free energy and hence to the thermal

expansion of silicate glasses arise mostly from the kinetic

energy of lattice vibrations and to a significantly lesser degree

from potential energy of the atoms in the lattice.

It has been shown (1-31 that those vibrations in a network

for which volume dependence of vibrational frequency (dw/dV) is

negative make a negative contribution to thermal expansion.

In silica structures such a negative contribution arises from

the low frequency transverse of oxygen atoms between pairs of

tetrahedrally coordinated atoms [4,51; such vibrations are

relatively more easily excited at low temperatures (6].

Smyth [51 has pointed out that ideally transverse vibra-

tion of oxygen atoms would be freest if the Si-O-Si angle were

1800. In fused silica this angle is around 1480 but the trans-

verse oxygen vibrations still contribute to the negative

thermal expansion at low temperatures. At room temperature

and above, fused silica has a small positive coefficient of

thermal expansion, which indicates that these transverse modes

are operative at room temperature and are, to some extent,

IPAM 31Aý M O rzZq
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contributing negatively to the thermal expansion. Investigation

of the thermal expansivity of alkali silicate glasses should

provide a better understanding of the role of the transverse

vibrational modes in the glass properties.

Additions of alkali oxide (M2 0) to silica results in

network-filling, breaking of the Si-O-Si bonds and formation of

weaker Si-O-H bonds, and modification of the Si-O-Si angles.

l+ n 2-The strength of the binding forces between iand ons,

and the polarizability of 0 ionn will also vary with H 20

content. Previous studies of the thermal expansion properties

of alkali silicate glasses [7-101 show that the expansivity

depends on the type and amount of M20 present.

The purpose of this research is to systematically inves-

tigate the effects of composition as well as temperature on

the thermal expansion properties of binary H2 0-SiO2 glasses,

where M is Li, Na, and K, and to interpret the results in

terms of structural changes and the variations in restoring

forces between metal and oxygen ions, and the polarizability J

of 02 ions.

Experimental Methods

The Fizeau interferometer method [11,121 was used to

measure linear thermal expansivity of 22 alkali sili-

cate glasses (which included eight Li20-SiO eight Na0--Sio

and six K2 0-SiO2 glasses; see Table I) as a function of

temperature in the range of 25 to 300 0 C. The furnace assembly,
i.



Table 1. Chemical LoMpoSItion, the temporature dependence of linear

thermal expansion of alkaii silicate glasses, expressed as
A 0 + A1 T + A2 T2, and the calculated aL values at

25*C. Units: aL In lO- 6I/C; A in 10"4/IC; AI in 10 6

(*C) 2 ; A2 in lI-8/(tC)3

Composition,

Glass mole%
No. 5i02 M 20 A0  A1  A2' (25*C)

Li 2 O-SiO2 Glasses

X-199 80 20 -1.3293 5.202 0.46062 5.43

K-154 75 25 -1.6713 6.569 u.46248 6.80

K-171 72 28 -1.9034 7.458 0.6.1239 7.77

K-198 72 28 -1.8254 7.133 0.;7322 7.47

K-163 70 30 -1.9721 7.720 0.67216 8.06

K-170 68 32 -2.1431 8.396 0.70609 8.75

1-162 65 35 -2.1546 8.432 0.74706 8.81

X-197 65 35 -2.2377 8.737 0.85621 9.17

Na 20-SiO2 Glasses

K-110 90 10 -1.0586 4.193 0.16548 4.12

K-111 85 15 -1.7975 7.149 0.16474 7.23

K-112 80 20 -2.3707 9.421 0.24623 9.67

K-113 75 25 -2.667 10.509 0.63500 10.83

K-114 70 30 -2.9657 11.666 0.78764 12.06

K-115 65 35 -3.4432 13.576 0.78685 13.97

K-116 60 40 -3.5612 14.193 0.89775 14.64

K-117 55 45 -3.9575 15.522 0.98450 16.01

K2O-SiO 2 Classes

K-196 85 15 -2.1892 8.727 0.12064 8.79

K-194 80 20 -2.7581 10.928 0.41740 11.14

K-192 75 25 -3.3162 13.150 0.48740 13.39

K-191 70 30 -3.9197 15.557 0.48657 15.80

K-189 65 35 -4.2321 16.766 0.64989 17.09

1-187-1 60 40 -4.6186 18.270 0.81867 18.68
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interferometer, the photoelectric fringe detector, and viewing

*i apparatus, manufactured by the Gaertner Scientific Company,

were used in the experiments.

Test Specimens. The same alkali silicate glasses employed

in the attenuation study (Section I of this report) were used.

The test specimens were prepared by coring out three 6-mm-dia-

meter, 10-mm-long cylinders from each glass; these were flat-

ended at one end and zoned at the other (at 45*). Both ends

were then polished with 1-micron diamond compound optically

flat to (1/4)X of green mercury light. The difference in

length of the three specimens was between 0.01 and 0.02 mm,

which resulted in formation of 7 to 10 fringes.

Temperature Cycles. Temperature of test specimens during

the heating cycle was continuously increased every 8 to 10 minutes at 4-

an approximate rate of 50*/hour. The fringe count and tempera-

ture were continuously monitored with a strip-chart recorder

and a precision potentiometer. The initial temperature (T0 )

was taken as 25*C.

During the cooling cycle, the temperature of the specimens

decreased at a slower rate--30*C/hour. The initial temperature

(TO) in the cooling cycle was chosen as 300*C. ? .

Theory of Interferometer Method. The method involves

observing passage of Fizeau fringes, formed by interference of

light beams reflected from two almost parallel glass surfaces

separated by a distance. The condition for destructive

S-..... , •: '•'-- - - -':",
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interference is NX = 2nd, where N is an integer, X is the
v v

wavelength of light in vacuum, n is the optical index of medium,

. •and d is the optical distance between the two surfaces. For

constructive interference the condition is (N + l)X - 2nd.

.- •The number of fringes crossing the field of view will depend

upon optical path, that is, on the initial length and the expan-

sivity of material under investigation. If the initial length

of the test specimen and the optical index of the air at tempera-

ture T are L and n0 , respectively, we have0 0

I 2n L

•. V

: In the present case we used the green mercury light, for which
i5

X 5.461 x 10 cm. Similarly, at a higher given temperature

TV, we have

I 2
.-. Ix- (no + An) (L +AL) (2)0, V

4% where An and AL are the changes in n and L, respectively. In

the Fizeau interferometer method used here, the fringe count

m u (N1 - N) and is related to AL as:

m• 2n AL + 2L An (3)• .0 0z • ( 3 ).

Therefore, the coefficient of linear thermal expansion

t(,) is : -
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AL mX
AL v An

a- L AT 2L n AT n AT (4)
0 00 0

where AT-T - T
10

Calculation of cX

The number of fringes varies as a function of temperature

and can be expressed at reference temperature TI and initial

temperature T as follows:
0

N1  - a + aT + a 2 T12 (5A)

2

and N - a +aT + a2T (B)

where N and N are number of fringes at T and T, respectively;
1 0 10

a, a1 and a2 are the coefficients. If T > T the number of
1 2 0

fringes increases from T to T the thermal expansion (AL/L)

can then be derived from eqs. (4) and (5):

S2mX2L n An/n K (K
00

2, 2-K Lai(T1 - TO) + a2 (T- T (6) A

where K X /2L n , K ' Ano/n , and P signifies a case of
0 V 0 0 1 0 0 r

increasing temperature (T > To). In the case of decreasing

temperatures (T2 < T), the number of fringes decreases with

decreasing temperature (case Q). Assume in this case N2 and
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N ' to be the number of fringes at T2 and To, respectively.o 2

It iThe corresponding equations are:

N2 - b + b T + b T 2  
(7A)

21 1 21.

2N b + b T + b T (7B)0 1 0a 2o0

In this case, the thermal expansion is negative and the corres-

ponding relationship to eq. (6) is given by

AL 2 2

\%o j - +K K = - K Lb 1(T - To) + b (T -T)KI (8)

SFrom eqs. (6) and (8). the mean value of thermal expansion is

given by:

0 mean 2 T a b.

T (a b + T (a +b - b2 )

olK[A + BT: + CT2] (9)

where,

K K /2 X /4Ln

SI A -T - -T(a 2 - b2)0 0 2I2
itk4
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B " (a1  - bI) , and

C (a- b).2 2

Therefore, the mean coefficient of linear thermal expansion

(aci) is determined from eq. (10):

mean o mean

K 2B

S- (A + BT + CT 1 ). (10)

TJ

The general form of eq. (l0)is:

0 c(T) - K (A + BT + CT2) * (11)

A

The experimental procedure in the determination of function

a,(T) involves first, counting fringes as a function of tempera-

ture and evaluation of the coefficients A, B, and C by the

least-squares method and second, calculation of thermal expan-

sivity (AL/Lo) as a function of temperature using eqs. (9) and
0 

.(11). 
i

"* 4

.1

¢ ~xj ~ .V...Xaf
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Results and Discussion

Results of the measurements of the fractional length change

(AL/Lo normalized to zero at 25°C, for the three types of

alkali silicate glasses to 300*C are shown in Figures 1-3. The

.. •: least-squares analysis of both increasing and decreasing tempera-

ture data was made to obtain the best-fit expansion versus

temperature curves (Figs. 1-3). The (AL/L ) versus temperature
0

data were analyzed to obtain best-fit equation expressing the

temperature dependence of a fur each of the glasses: a (T) =

A +AT+A 2 T 2, where A0 , 1 and A are the constant coeffi- 2

cients for a given glass (Table 1). These relations were then

used to calculate a at the various temperatues. Figures 4 and

5 show the composition dependence of a for the three types of II
alkali silicate glasses calculated at 25*C and at the three

higher temperatures (100 to 300 0 C), respectively. As can be seen

from Figures 1-5, the expansivity of the three types of alkali

silicate glasses varies systematically with composition and

"temperature.

Thermal Hysteresis. In the case of Li20-SiO and K 0-SiO

glasses the thermal expansion was investigated as a function of -j

both increasing and decreasing temperatures (Figs. 1 and 3). A

The results show that the expansion values are lower for the
.7

cooling cycle than for the heating cycle. The thermal hystere-

sis effect, caused mostly by the difference in the heating and

cooling rates, is relatively more conspicuous in the K2 0-SiO2
2 2,



-44-

CY N 0

cy 0v~- r

-o 41

"40Cfa
wk

N. 4-4

2 r-4

41 .1
1CL

0c 4)"

m V4

0.4
0

Q0 0 00

wdd 'NOISNVdX3 1'VINU3HI NiV3NI-1



-45--

00 0 0 0 4)

ccli

co-4 ~

4)0'p

ww
0 .

(1) 0 xF4
a. 0

0 I.
*1 '44
00

z C

0'J

iv, N

wdd 'NOISNVdX3 lVlNH3H1L 8'V3N-1 4



-46-

Od 0 0

~~ di0 0

0)

M C 0 - -

1,0 000

N~
'1 &41 c

0) 0

o t
4)

I 0

0 80

0 0 0 0
V rnfl b

i344



V -47- V

20. T

LV
01

2 00 60

5l L0 I:

i• M20, mole %

•: Fig. 4. Composition dependence of the
I!' ~linear thermal expansion coefficient :

•? (at) for binary alkali silicate

[• glasses at 25*C. The dashed lines
•i indicate the breaks in the compositioni! dependence of Ott and the solid lines

#•: represent the mean curves based on the
S•[, present study. The open symbols cor-
S!i: respond to Shermer's data [101.



-48- .

25

20o,-

00

t D:
*0

a - Lithium silicate
1.. - Sodium silicate

5 - 0 - Potassium sillcoae
- Temperature a IO0eC
SwTemperatures• 2000C

---- Temperature a 300"C

0' L I , I , . , ,
I0 20 30 40 50 1

M20, mole %
1,3

Fig. 5. Composition dependence of the mean
linear thermal expansion coefficient (al) for
binary alkali silicate glasses at the various
temperatures.

, K.



-49-

glasses than in the Li 0-SiO and may be explained by
2 2 glasses,' a xlandb

the larger thermal stresses present in the K20 -Si 2 glasses due

Sto the larger size of the K+ tons as compared to the Li + ions.

Temperature Dependence of Thermal Expansion. The thermal

expansion of the alkali silicate glasses increases rapidly with

increase in temperature (ac varies as quadratic in temperature).

The temperature dependence of a is quite similar for the three

types of alkali silicate glasses (Figs. 1-3 and 5). The minor

[ ~:breaks in the a •composition trends at room temperature (Fig. 4)

can also be found to some extent at high temperatures (Fig. 5).

For given M2 0 content, the relative change in ot with increasing

"temperature has the trend: Li 2 0-SiO > Na2O-SiO > K20-SiO

2 22 2 K20-i 2 '

Composition Dependence of Thermal Expansion. The present

room-temperature a values for the alkali silicate glasses are

in fairly good agreement with the previous data [10], except for

slightly (%10%) lower values for the Li 2 0-SiO glasses deter-

mined in this study (Fig. 4). However, the present study con-

. ;) firms the earlier finding that, in general, the expansivity of

the alkali silicate glasses increases with increasing M20 content,

the rate of increase being relatively higher for the low-M2 0

glasses (Fig. 4); similar relation between a and composition

also holds true at higher temperatures (Fig. 5).

To interpret the composition dependence of thermal expansion

we should understand the role of M20 added to SiO2 structure.

Besides filling the interstitial space in the silica network

i A
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1.• ~structure which results in the decrease of the openness of the

silica structure, the addition of M2 0 also causes destruction

of the continuity of the silica structure (Si-O-Si bonds) and

formation of the nonbridging oxygens and weaker Si-O-M bonds

which result in the higher expansivity of glass [7,9,13]. The

results plotted in Figs. 4 and 5 show increasing (% with

increasing M2 0 content. (By corollary, the elastic moduli

decrease with increase in M 20 content, as mentioned in Section

11 of this report.)

The room temperature at values of the Na 2 0-SiO2 and K20-

SiO2 glasses containing 15 mole % M2 0 are, respectively, about

-7
13 and 16 times that of silica for which a -5.5 x 10- /deg

[Table 1]. Such a rapid increase in the a2 upon addition of

small amounts of M2 0 may be explained by appreciable changes

in the asymmetry caused by the introduction of the nonbridging

0 2- ions into the "flawless" Bernal liquid structure of silicq

2-
f 14]. (Si-O bond for a nonbridging 0 Ion is stronger than for a

.bridging 02 ion). Subsequent additions of M2 0 bring about

relatively less drastic disproportionation of the stronger and
weaker binding ferces.

In a finer analysis of Figures 4 and 5, we can also see

that a£ does not vary smoothly with M2 0 content, especially in

the case of Na 2 O-SIO2 glasses; rather, there are breaks in the
2'4

a. -composition trends (indicated by dashed lines in Fig. 4).

The breaks occur approximately at 30, 28, and 26 M20 mole %

"• ,'; •- •• .i,• ,,• ...... •• ...... •.• _, ......;.,•,•, • .......... • ... •,,;• ;.,•~i,, * '1J



composition ot the 1.1 2 0- 10., Nf, )•? S 1)0 .in,! K 2 -. 2 glasses,

respectively. In all three cases. the a Increases above these

compositions. At higher H2 0( cOnLntit (0,32 mole % K 20 and %36

mole % Na 2 0) the respective a E seem to decrease slightly from

the normal trend. Such changes In (I are not unexpected in

view of the fact that alkali sillcate glasses do not have ran-

domness of the silica-alkali structures 114-16] which would

have otherwise produced smooth functions of a versus M2 0 compo-

ij12
sition. Most probably the formation of superlattice structure

consisting of submicroscopic crystallites causes the a to

increase.

In the study of thermal expansivity of sodium silicate

glasses, Blau 1181 found breaks in the expansivity-composition

curves a,: certain ratios of bridging and nonbridging oxygens,

and he interpreced this as being Rome sort of a regularity in

the distribution of the bridging and nonbrldging 02 ions.

Parallel to this, we relate the breaks in the expansivity-

composition trends to the varying degress of submicroscopic

heterogeneity in the glasses [14].

The difference in the thermal expansion behavior of alkali

silicate glasses having similar M.0 content is related to the
2-

different polarizability of nonbridging 0 ions,which is

mainly governed by the field strength and the size of M ions

[14). The field strength of 141 ions deereasýei in the order

+ I- I-
Li (0.23) > Na (0.19) > K (0.11 ); their ionic size varies in

2I
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the opposite trend: (1.33) > Na (0.95) > Li (0.60). Large

size and low field strength of K tons Introduce relatively

2-
high polarizability of nonbridging 0 ions and weak SI-O-St .

bonds, resulting in the high thermal expansion coefficients of

K2 0-SiO2 glasses a3 compared to the Na 2 0-SIO2 and Li 2 0-SiO2

glasses.

Contributions of the Various Oxides. The thermal expansion

contributions of the oxides composing the glasses can be eval- JI

uated from the experimental values of the expansion coefficients

of silicate glasses, assuming the additive property of these

"contributions [17,18]: 1

cai X i (12)

where a is the linear expansion coefficient of the glass, a

are the empirical linear expansion coefficients of the oxides

present, and x are the mole % of the oxides. The a1 thus

calculated for Li 2 0, Na 2 0 and K20 in the alkali silicate glasses

(Table 2) are found to be slightly lower than those determined

from the other silicate and alumino-silicate glasses [18i.

Using these a 'a, the a~ values can be calculated and compared

with the experimental ac values for the glasses (Table 3).

Since the agreement between the experimental and calculated

values is good (Table 3), the eq. (4) seems to hold well for

the alkali silicate glauses. In other words, although the

a -composition relations for the alkali silicate glasses are

4}:
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.I Table 2. Empirical coefficients of the thermal expansion

contributions (a)of alkali oxides to the linear

thermal expandion of alkali silicate glasses at 25*C

Git 10 /dog mole Z

This Reference
~.Glass type Oxide study 1171

Li2 O-SiO2  Li 0 24.670 27.0

Si0 2  0.843 0.63-3.8

Na O- 2o Na 0 34.268 39.50

Si 2  2.266 0.63-3.8

K 0-5i02  K 0 43.028 46.50

Sio 2 3.194 0.63-3.8
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Table 3. Comparison of experimental and predicted thermal

expansion coefficients (a i n lo-6 /deg) for the

alkali silicate glasses at 25C. The SiO2 content

(in mole%) of the glass is given in parentheses

Glass No. Experimental Predicted

L 20-SiO Glasses

1-119 (80) 5.43 5.61

1-156 (75) 6.80 6.80

K-157 (72) 7.77 7.51

K-198 (72) 7.47 7.51

K-163 (70) 8.06 7.07

K-170 (68) 8.75 8.47

1-162 (65) 8.81 9.18
K-197 (65) 9.17 9.18

No20-StO2 Glasses

X-110 (90) 4.12 5.47

K-111 (85) 7.23 7.07

X-112 (80) 9.67 8.66

K-113 (75) 10.83 10.27

K-114 (70) 12.06 11.871
1a K-115 (65) 13.97 13.47

X-116 (60) 15.68 15.07

K-117 (55) 16.01 16.67

K20-SiO2 Glasses

• " K - 1 9 6 ( 8 5 ) 8 .7 9 9 1
K-194 (80) 11.14 11.16•

K-192 (75) 13.39 13.15

K-191 (70) 15.80 15.14 i
K-189 (65) 17.09 17.13 .1

K-187-1 (60) 18.68 19.12 A

... . " .. • . ..........................................................................



not strictly monotonic, the mean relations (indicated by solid

curves in Fig. 4) are useful in predicting aL from the compo-

sition of an alkali silicate glass.

One of the most interesting results from this study is

that the oL for SiO2 is not uniform in the three types of

alkali silicate glasses; it varies from 0.843/deg mole % in the

Li 2 O-SiO2 glasses to 3.194/deg mole % in the K2 0-SiO2 glasses--

a variation of the order of 4 (Table 2), which is comparable

to that found in the other glasses (0.5-3.8 x 10-/deg mole 8) [l7].

The large variation in the SiO2 contribution may be explained

by the large difference in the force constants of the Si-O

bonds involving the nonbridging 02- ions in the three types of

alkali silicate glasses.

I:

.•.

!:1:
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SECTION IV

EFFECTS OF PHASE SEPARATION ON ELASTIC

PROPERTIES AND THERMAL EXPANSIVITY

The phase studies were conducted by Mr. John Kay, R.P.I.

The following method was used by him:

Fracture surfaces of the glasses were obtained, and etched

as follows:

K2 -Sio glasses - 10 seconds 2% HCI
o2  0-SiO2 glasses - 10 seconds 22 HCl

some Li 0-SiO2 glasses - 10 seconds 2% HCl

other Li 2 O-SiO2 glasses - 10 seconds 2% HF

Na2 O-SiO 2 glasses - 10 seconds 2% HF

Replica samples were made by shadowing a collodion replica

of the sample surface with chromium and then coating it with

carbon. Replicated surfaces were then viewed in a Hitachi HU-

LLB electron microscope operated at 100 KV.

Results and Discussion

Phase separation is everywhere present in alkali silicate

glasses. The volumetric percentage of relatively silica-rich

phase varies from 11 to 15% in high-M2 0 glasses to as high as

65 to 70% in glasses with 25 to 30% M2 0, and the particle size
02

varies from 70 A or less to 1/2 micron (Table 1).

In spite of large variations in phase separation (amount

and size), the trends of elastic property-composition are

quite systematic (see figures in section II).
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We chose three Li 2 0-SiO2 glass samples (198, 171B, and

KIl7A) with the same composition (28 mole % Li 2 0) and varying

degress of phase separation to study the effects of phase

separation. K198 has an evenly dispersed phase separation with

particle size averaging about 1000 A in diameter (Plate I).

171B has an unevenly dispersed phase separation, the particle

size being 500 to 100 A (Plate II). This glass showed square-

shaped crystals of about 0.75P edge-length. Glass 171A has an

evenly dispersed phase separation, the average particle size
o

being %1000 A

Thus, in terms of particle size and composition, these

specimens are quite similar. Inspection of Table 2 shows

that there is no systematic variation in properties with the

variation in the degree of phase separation, except in the

pressure and temperature derivatives of the moduli and thermal

expansion. The Ot and dM/dT values seem to increase when

phase separation increases.

IIl

Ii

i!11
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It

>1

1�

-4

I

I,

I?,

:t

'4



-63-

Table 1. Volumetric percentage and particle size of phame

separation in alkali silicate glasses

Composition
a (mole %) Average

Glass No. M20 SiO2  Volume 2 Particle Size

Li O-SiO Glasses
2 2A

K199 20.0 80.0 64 1/2

K154 25.0 75.0 25 300-1500 X
K171A 28.0 72.0 37 1000 A

K1llB 28.0 72.0 22 500-1000 X
K198 28.0 72.0 17 1000 X
K163 30.0 70.0 65-70 0.25-1 u
K170 32.0 68.0 62 3200 A

K162 35.0 65.0 70,11 1/2 .

SK197 35.0 65.0 11 3500

Na 2 O-SiO2 Glasses

K10l 10.0 90.0 60 500

9112 20.0 80.0 45 500 A

K114 30.0 70.0 26 1200 X

Kils 35.0 65.0 47 650

K116 40.0 60.0 15 1000

K2 0-SiO2 Glasses

K196 15.0 85.0 15 400 A

K194 20.0 80.0 75 700 X
K192 25.0 75.0 50 200 X

K

. x

IiI
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Table 2. Properties of three L1 2 0-LIO2 glasses (containing 28

mole 1 L12 0) with varying degrees of phase separation

of silica-rich phase

K 198 K 171B K 171A

Si02-rich phase,

volume % 17 22 37

P. L/cm 2.322 2.322 2.322

VpI km/sec 6.153 6.149 6.149

Va, km/sec 3.720 3.720 3.722

K, kbar 450.4 449.6 449.2

U, kbar 321.4 321.3 321.6

o .212 .211 .211

(dK/dP) 3.42 3.59 2.94

(dp/dP) -. 17 -. 14 -. 19

(dK/dT), kbar/deg -. 043 -. 052 -. 014

(dUI/dT), kbar/deg -. 083 -. 079 -. 132 '

(AL 10 "/de 7.47 .

.!1
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SECTION V

EFFECTS OF COMPOSITION, PRESSURE, AND TEMPERATURE

ON THE ELASTIC PROPERTIES OF SiO2 -TiO GLASSES
22

Introduction

5 i0 2 -TiO 2 glasses containing low concentrations of TiO 2
(up to 11 wt %) form in homogeneous phase [1-31; TiO2 plays

the role of network former just as SiO2 does. Interest in

the SiO2 -TiO 2 glass system has recently developed because of

its low thermal expansion properties. The SiO2 -TiO2 glass

(Corning Code 7971) containing 7.4 wt % TiO2 has nearly zero

thermal expansion [4, 5] in the temperature range of () Lo JUU3 C'

In a recent systematic study (61, it has been shown that small

amounts of TiO 2 (up to 10 wt %) added to fused silica cause a

linear decrease in the coefficients of thermal expansion of

i• silica glass. More recently, Schultz [7,81 has discovered

unique annealing methods for developing the low-expansion

SiO2 -TiO2 glass containing 12-20 wt % TiO2 .

Variations in the thermal expansion and other vibrational

properties of the SiO2 -TiO 2 glasses, caused by the composi- )

tional variations, are directly related to the va-iations in

the structure and lattice vibrations of the glass network. A

number of workers have studied the effect of TiOa content on

the various properties of the SiO-iO and related silicate

glasses [6-191 and have interpreted the results in terms of

4.3
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the changes in structure and coordination of the silicon and

titanium ions. However, the elastic properties of the SiO 2-

TiO2 glasses have so far not been systematically investigated. I
The purpose of this section is to report on the elastic

properties of the StO2 -TiO 2 glasses as a function of composi-

tion, pressure, and temperature, and to correlate the results

with the variations in thermal expansion and other related

anharmonic parameters.

Experimental Methods

Glass Specimens. The seven SiO2 -TiO 2 glasses used in2 o2

this study were kindly supplied to us by Dr. P.C. Schultz of the

Corning Glass Works. These were prepared by flame hydrolysis

[6). The TiO2 content of the glasses ranges from 1.3 to 9.4

wt % (Table 1). Also included in this study is fused silica

(Corning Code 7940), purchased from the Corning Glass Works.

Elastic measurements were made on the glasses in as-

produced, unannealed state as well as after annealing. The

annealing process involved heating the glasses to 1020*C for

about 1-1/2 hours, and then cooling them slowly from 1020 to

700*C at a rate of 5°C/hour, and then allowing them to cool inside

the furnace from 700*C to room temperature.

Density of the glass specimen was measured by the Archimedes

method. The pulse superposition method (20] of measuring

ultrasonic velocities was used. The details of the electronics
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and high pressure and temperature equipment used, and the

procedure to reduce the basic data are described elsewhere (191.

Results and Discussion

Effect of Annealing. The relations between compooition

and the elastic narameters, especially K and a, are not so

well defined for the unannealed glasses (Figs. 1-3). Follow-

ing annealing, the relationships become systematic and more

or less linear. It is interesting to note that annealing

brings about an increase in V. and p, but decrease in V
p

Similarly, U and E increase and K decreases (that is, compres-

sibility increases) after annealing. Annealing causes the

removal of strains and rearrangement of the glass network such

that the structure becomes more compact. We have also found
2i

compaction effect of annealing in a SiO2 -TiO glass containing

14.7 wt % TiO2  According to Schultz [personal communication, I
1974], this compaction is related to a coordination change of

titanium in the glass from 4 to 6. Based on Schultz's work ,:

[7-8],the effect of coordination change seems to occur in only

high-TiO2 (> 10 wt %) glasses.
2!

E!stic Parameters at 1 bar and 25'C. The results of the

elastic parameters as a function of composition are shown in • I]
Table 1 and Figures 1-3. McSklmin's (unpublished) data on V,

V E,and U foa fused silica and the Corning Code 7971 glass

are in agreement with the present results. The elastic para-

meters (longitudinal velocity; V shear velocity. V8 ; bulk
pI

~ ~ 4
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I6.0 SiO 2 T'0 2 GLASSES
LONGITUDINAL VELOCITY (V)

E

oUNANNEALED

LL

Is~~t U SHEAR VELOCITY NO) 1jg 
0

> 3.6

0 2 4 6 8 10
TiO 2 ,wt%

Fig. 1. Longitudinal (V ) and shear wave
- p(V ) velocities versus TiO2 content.8 2

Annealing causes a&decrease in V and
an increase i n V. Triangles are
tMcSkimin's (unpublished) 1972 data.
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720TiO GLASSES
YOUNG'S MODULUS (E)

0700-
-0

LU680

o UNANNEALED
0 ANNEALED

660 mcskimin

3C- SHEARMDLS()4

0 0 BULK MODULUS (K)-

______

0 2 4 6 B 10

Fig. 3. Bulk (k), shear Wii and Young's4
(E) moduli versus T1O2 content. Anneal-
ing causes a deczaase in K, and
an increase, in vI and E. Triangles are
HeSkimin's (unpublished) 1972 data.
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modulus, K; shear modulus, u; Young's modulus, E) and density

(p) of the annealed SiO2 -TiO2 glasses decrease more or less

linearly with increase in the TiO2 content. However, Poisson's

ratio fcr these glasses increases linearly with TiO2 content.

The decreases in the moduli are interpreted to be caused

4+by weakening of the silica network. The Ti ions have lower

4+
field strength than the Si ions, and the average length of

Ti-O bond is considered to be larger than that of the Si-O

bond; hence the Ti-O and Si-O-Ti bonds in SiO2 - TiO2 glasses

are weaker than the correspondong Si-O and Si-O-Si bonds in

silica glass. This view has been well supported by infrared

absorption studies [9].

At low TiO2 concentrations, Si-equivalent fourfold Ti ions

exist in the coordination [1-31. Hence a decrease in p with

increasing TiO content (Fig. 2) seems, at first, surprising

in view of the fact that substituted Ti4+ ions are heavier

4+than the Si ions. Evans [1] has clearly demonstrated that
T

the additions of small amounts of TiO2 to the SiO2 -TiO 2 solid

solution (cristobalite phase) cause the tetragonal a and c
0 0

d-spacings of this phase to increase. Such an effect would

explain the variations in density of the Si0 2 -TiO2 glasses.

A decrease in density can thus be interpreted as being due to .

the increasing openness of the structure as TiO2 is added.

It appears that Si-O-Si and Si-O-Ti angles change such that the
• t~4+ •

openness of the structure increases. That is, the Ti ions

would repel the 02- ions farther than the Si4+ ions do.

'I A
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Pressure Dependence of the Elastic Moduli

The pressure derivatives of the compressional and shear

velocities, (dV /dP) and dV /dP), decrease with increase in

STiO2 content (Table 2; Fig. 4); the variation of (dV /dP) with
2 a

composition is more systematic. There is a good agreement

between McSkimin's and the present values of (dii/dP) and (dE/dP)

for fused silica and the Corning Code 7971 glass (Fig. 5). As

in fused silica, the values of (dK/dP), (du/dP), and (dE/dP) in

SiO2 -TiO 2 glasses are negative (anomalous) and become increas-

ingly negative (more anomalous than fused silica) with increas-

ing TiO2 content (Table 2; Fig 5). Values of dp/dP for all the

glasses are negative (anomalous). This parameter becomes more

negative with increase in TiO2 content up to N5 wt % TiO 2 above

which it becomes less negative (Fig. 6). The anomalous elastic

behavior under pressure in fused silica has been explained in

terms of its low (near-zero) thermal expansion. The presence

i•,•'i •of the low-frequency vibrational modes for which dw/dV (where

w is frequency)is positive [6]. The presence of such modes

also leads to an explanation for Lne negative thermal expansion

of the SiO2-TiO glasses [6]. The negative thermal expansion

of thk in S1O2 -TiO2 glasses has been attributed to the presence of the

vibrational modes for which dw/dV is positive [61] and this 4..4

condition, characteristic of open structures, leads to negative

values of (dM/dP), where M is any modulus [211. It then appears

that the addition of TiO causes changes in the vibrational-. iO2

I .
.... - . ............
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properties of such modes so that dw/dV becomes more positive,

leading to more negative thermal expansion and more anomalous

elastic behavior under pressure. Thus, the more negative

values of dM/dP with increasing TiO2 content are compatible I
with the thermal expansion data.

Densification

The pressure-density data for a solid can be used for calcu-

lating its bulk modulus, K , and initial pressure derivative

Ko (aK/aP)o through the Birch-Murnaghan equation of state (24]:
~iI0

P = (3/2 Ko {(po /p)73 - (po/p) 3 }{ - PO/p) - 1 (1)

where • - 3(4 - Ko)/4. Inversely, if K and K' are known,
00 0

(/po) can be evaluated as a function of pressure.

Using eq. (1) and the data for fused silica and the SiO2 -

"TiO2 glasses containing 7.3 wt % TiO2 (Table 2), (p/p ) was

calculated to 60 kbar (Fig. 7). As seen, the glass containing

TiO2 shows higher densification (p/ 0 ). At 20 kbar the differ-

ence between (P/p0 ) ratios would be '74%.

Mode Grineisen Parameters

The mode Grineisen parameters y are evaluated from the '1
pressure dependence of acoustic mode velocity VI:

* V

dV
•i " v-dI
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where 8 is the isothermal compressibility. Assuming only the

contributions from acoustic mode, the high- and low-temperature

limiting values of the Gruneisen parameter, yHT and •LT' can

be evaluated from (dV /dP) and (dV /dP) using the known rela-

tions [22,23]. As in fused silica, the yHT values for all the

SiO2- TtO glasses are negative (Fig. 8). As seen, YTbecomes

more negative with TiO content.

Temperature Dependence of Elastic Moduli

The temperature and composition dependence of K, V and

E measured to 300°C are shown in Figure 9. The temperature

derivatives of the moduli (dM/dT) are positive (anomalous) and

remain the same in the temperature range of the investigation.

The values of (dM/dT) decrease with increase in TiO content

(Fig. 10). That is, the glasses become less anomalous in the

thermal behavior, in contrast to the more anomalous behavior

under pressure.

The contributions to total change in modulus M due to

temperature effect can be considered as intrinsic and extrinsic

parts:

dM Q- ) dT + Qiv)dV .(2)

V T

(total) (intrinsic) (extrinsic)

It can be shown that the measured total (dM/dT) is related to

the measures (WM/aP)T
? ;T
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'ý'_\ P T/ V a P T

(total) (intrinsic) (extrinsic)

Using the data of Tables I and 2, and the thermAl expAn-

sion coefficients [61, the two contributions were calculated

(Table 3). As seen, the main contributions to total (dM/dT)

are from the intrinsic effect (see aloo Fig. 10).

Summary and Conclusions

The density and elastic parameters of the SiO2 -TiO2 glasses

studied show more or less systematic variation with composition.

Vpf V8, p, E, K, and tp decrease more or less linearly with

increase in TIO2 content. Poisson's ratio for the unannealed

glasses first increases and then decreases with increase in

TO 2 content, whereas the annealed glasses show increasing

values of a in a systematic manner. The systematic variations

of elastic properties indicate that the coordination number of

44.
Ti ions remains the same [4] in this range of composition;

this is in agreement with earlier studies.

Annealing causes density and V to increase, and V tos P

decrease. The temperature-dependence of moaul is mainly

due to intrinsic effect for these glasses. The temperature

derivatives of moduli are positive and anomalous, and become

less anomalous with increase in TiG content.2

•
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Adding of Ti 2 to SiO2 structure causes pressure

derivatives of the velocities and moduli to become more nega-F tive (i.e., more anomalous). That is, the anomalous behavior

of fused silica is enhanced by addition of TiO In contrast,

the temperature dependence of moduli is less anomalous as ho 2

is added.

The acoustic mode gammas, YHT' become negative when TiO2

content of glass increases. This is in agreement with the

thermal expansion studies. Decrease in thermal expansion with

addition of TiO2 is related to the influence of TiO2 on

acoustic lattice vibration frequencies.

A;i

II

* I~

I;
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Pressure and TFemperature D~ependence ofA
the Elastic Moduli of NaO-TiO2 -SiO 2

Gl1asses
haai isttue fMURLI H. MANGHNANI'
ilaal IntiuteofGeophysics. University of Hawaii, Honolulu. Hawaii 96822

* ~Ultraaonic Interteremetry was used to measure elastic-wave -1-- A*$,,

Veiocities and moduli In six Noia,0-TiO-Si, glaaaeel three r1 1 "i

glass". contained 20 mot% 110, and three 25 moi% TIb,. The [_ 11, * ~I~)*) ,,O., al
elastic moduli and their pressure derivatives varied syutemati- 1"olf
cally with the SIO,/Na,O molar ratio of the glastse". In the co.a.* coPP' O

griump of glasses which contaIned 20 mol% TIO,, dK/dP (K-
bulk modulus) decreased linearly from CAS to 2.53 as the
3iO,/Na,O ratio Increased; In the other group. dK/dP de- 4 'tlPUe

creased from 4.00 to 3.5. Slmi'ariy, doi/dt (M - shear modii.
ha) decreased with the SiO./Na.0 ratio, but somewhat now- Al
linearly. The tfttrnslic and Intrinsic contributions to the tens-
perature dependencies of the elastic moduli are evaluated In O~ n

light of the measuired prmasre dependenies" of these moduli. --- "'

m:glass-fonning areas of the ternary system Na,O-TiO,- F

TIO-SA tilasss. oun tat hei desites ndrefractive and the velocity Is calculated from V-211.
Indices Inrae ihincreasing TiO, content. Various In- The precision of the basic frequency measurement' Is =11

visigton f h efcto TO cnen n h tema x- prtI IY Tecorcto frox-haeanl, ,whc, I
panlo. isosty ad letrca poprtesofNaO.0TIO,-SIO, associated with the bond between the transducer and the 4

glaseshav ben smmaize'; oweerno tud oftheir specimen and the reflections of the waves at the transducer,I
elasic roprtis hs ben epoted Itwasthepurpose of Is given' by -f/3601; y does not usually exceed I* to 2o for a

thepreentwor t reorttheelati prperiesofthese well-prepared thin bond. The error In the velocity values
glasesandtoInvstiat th efecs o glsacomPunition, resulting from Ignoring this correction at ambient and high

pesr.and temperature on their elastic behavior, pressures. as was done In the present study, Is believed to i
Phsclpropierties of silicate glasses. e.g. mechanical be <0.1% int the range Investigated. The moduli reported

strength adelastic modui.i are, In general, related to the are estimated to be accurate to within *0.3% when all the
dest fteSI-O-Sl bridges In the random network structure other overall errors, I.e. those In the length and density i

ofgas"Addition of network- modifying oxides such as NaO measurements. are taken Into consideration.
cassabreakdown of some of the bridges arid formation of X- and Y-cut quarit transducers of 30 MHz natural resonant

thereltivlyweaker SI-O-Na bridges In proportion to the frequency were used to generate the compressional and shear
amont f N.0added. For example, It has been pointed out' waves In the specimen, A two-stage pressure-generating
thattheYoug'smoduli of glasses in a simple binary Na,0-SIO, system' (Fig. 1) was used in which the initial gas pressure of

system decrease systematically with increasing Na,0 content. =2o00 psi was Intensified to 40,000 psiIin the first stage and
The rlofnetwork-modifying Ions of high field strength, e.g. 200,000 psi In the second stage. Nitrogen was the pressure i
Ti, In Increasing the moduli of silicate glasses has also been medium. Measurements were made following Increasing and

empasied!The effects of the SIO./Nao. molar ratio and decreasing pressure cycles to 100,000 psi (=6.9 kbars). An
TIO$ content on the elastic properties of the glasses In the interval of 15 to 20 min was usually allowed between the4

Na0TO-I.system are therefore of interest, pressure change and a pulse repetition frequency (prf) mes-

IL Eperienta Metodssurement. The pressure on the specimen was monitored using

Puls-suerpoitin ulrasnic nteferoetr wasuse to Presented at the 72nd Annual Meeting. The Americstn Co-
Puls-suerpi~iion ltrwnlc Itereromtrywasuse to ramic Society, Philadelphia, Pa., May 6, 1970 (Glass Division,

measure the compressional and shear velocities and thus the No. 28-0-70). Received December 6, 1971; revised co"
elastic moduli of six glasses to 7 kboars and 300'C. The veioc- received March 4, 1972. Contribution No. 453 fromth

It-easuring technique' was used previously In atudies of Hawaii institute of Geophysics.
A ~~~theeatctyo lse nerpesr.*' nr us Su flred by the Office of Naval Research under Contracts

An r pule Is No. oil034-67-A-O387-M05. NRt 032-515. and N00014-67-
applied to the transducer which is bonded with resin' to the A-0.387.-0012. NR 032-527 with the University of Hawaii.
specimen. end the pulse repetition frequency (1) of the rf *Part of this work was done at the Air Force Cambridge
pulse oscillator Is adjusted to cause an echo within a Particular RearhLbatisersralSene aoaoyod

he next ford, Mass.
pulse-echo train to coincide with an earlier echo in thenx 'R~esin 276-V9. Dow Chemical Co., Midland, Mich.
train, resulting in maximum Intensity of the echo pulses. 'Harwood Engineering Co., Inc.. Walpole. Mass.
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Table 1. Chemical (:4,n posIitionas of lite Na,(.0.--.

TiOrSIt, G( viuas (A
GK.s" CodeM 1nnjtuo

(No. No. (U1.. ) N4;10 TV0,

IE1986 30.0 20.0 50.02 Ei1909 25.0 20.0 55.0
3l F 940 17.5 20.0 62.5 ~ 2

4OE01 27.5 25.0 47.5 .
5E00 22.5 25.0 52.5 3: -20% 1-0,

6 E1991 17.5 25.0 57.50

__________~ ~ ~ 4_____ ______

a 120.A Manganin coil placed Inside the vessel and a resistance S.O.IN,O RATIOA
brde*; the coil was calibrated for pressure with a dead-weight

testert to 60,000 psi. Uncertainties In the absolute pressures
mesred with the dead-weight tester are estimated" to be 650

<0.1% at 60.000 psi. Thus the reported pressure derivatives
measremntthe estspeime in he resurevessel was

maintained at 25'±0.I-C by consitant-temperature water cdr.
cuiatlng In coils wound around the vessel. Y)90

glasss was investigated to 300*C by using a thermally inso- -To% I a, .

dvc.Aspecial hg-tmeauerbrsalwsused to
bodtetransducer to the specimen, which was heated at a 5

raeo 2*C/min. SpcmntmeauewsIncreased In 5SO,/N,,,O RATIO
Inevasof=0C and maintained to ±t0.10C during prf P.2 ls r()sermdlsad(t on'

measurements.Fi.2 otof()Ae mouu an ()Yug'
1)~~~~~thelu tet gasovtepesr Sif)./Ne.0 ato t Nal.0i'iO.SlO glassm 2

111.propertes and chemicai composition can be Interpreted In
Th hsclproperties of gls pcmn rmthe same terms of the SIO.Na.O ratio or lIn terms of the structural

bath a thseused In the present studyt were reported by parameter Y, as Introduced by Trap and Stevels" in discussinHardlon ndCleek'; their compositions are given In Table 1. SiO.-basd glasss. The parameter Y. which represents the
Altespecimens were heated for 4 to 6 h at a temperature nmbenrof bridgngoxygen lone/SlO.6 tetrahedron. Is computat
=40C blowthe sagl point and cooled at 2.5*C/h to 350*C as Y-6-M0/p. whepisthe Sio~coutent (in mol%). This,

Inesigtin'*of tecytliato eairo glasses In oie r nrdcd ntepeetcsO I.N.
th ytmNaO-TiO,-SAO has shown that those with compoul- ratio and Y parameter (Table 11) have the same significance

It~ns imlartothose In Table I form in homogeneous phases. In that both represent a measure of the number of SI-0-Si
Phaneseparation occurs only when the TiOcontentIs higher bridges endthue opennessat thuastructure. For Slamssewth
(>30 ml and/or the SI0, content lower (<10 mot%). simillar Tib. contents, the compressional! and Ishier wave
Variatons In the elastic moduli. measured under atmospheric velociltles (v, and v.) and the shear and Young's mr'ull (p
conditions in three mutuaiiy perpendicular directions In ecah uand E) increase and the density (p) and Poisson's ratio (a)
of the six specimens, were within experimental error. thus decrease wt nraigSO/a0rto(W Y.Te
characterizing the isotropic behavior of the specimens. increases In s and E are not linear (Fig. 2). the rats of Wn

IV. hiusoofResults moul utefrtegasswt h ihr7%content
(I) Hauautheeefuect ofarthe SIW5*C thetthein Increasing the mnoduli Is

The lasic ropetie ofthe lases easued t Ibar nd ow.TherelatIons shown IFi.2can be used to estimate the iThe lasic popetiesof he gamsmeasredat 1barand moduli of glasses of Intermediate composition.25C are given In Table I1. The relations bertween thn TheSul mtodulus, KC. varies neither as appreciably nor as

Carey-Foeter~uifoml brdeasawo ~-ier the other moduli with the SION,/Na ratio. Coin-"DWTyFote 300, ge Harwood Engineering o.Ic" Co.. Inc. prsooftedata for glasses Iland 3 and for glasss 4 and 6
lOtitained through the courtesy of 0. W, Cleek. National showwththeierheSO/e0aiotehgerhebl

Bureau of Standards. Washington. D. C. modulus (end the lower the compressibility). Similar findings

Table It. Elastic Properties of the NatO-TIOrSIO, Glasses at 1 Bar and 25*C ___

No. nonr r.uo V sa' hl)9b,) (Ihi..,) (hi...)

1 1.67 2.00 2.749 5.731 3.315 500.0 302.1 754.4 0.249
2 2.22 2.36 2.740 5.794 3.386 501.1 314.1 779.5 .241
3 3.54 2.80 2.70:1 5.895 3.516 493.9 334.2 818.0 .224
4 1.73 1.79 2.811 5.806 353 528.4 315.9 789.8 .250(5 2.33 2.19 2.800 5.906 3.461 529.5 334.5 830.7 .239

d6 3.28 2.52 2.771 5.955 3.526 523.4 344.5 847.5 .230

NOT: Y-structural para meter, u.- density, v,-compresaional wave velocity, v.-shoear wave velocity. K-bulk modulus,
P..shear modulus, E-Young's moduls and a - Polsson's ratio.t '.4

.. . .. . ...
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r 1 " r 4. ( he longituidinal Hnd %hear modes of wave propagation aren
,/shown in )-ig. 3. Trhese re~lations exhibit no hysteresis. indi-

....... cating that the. glasses are completely elastic in this pressure
range and do not undergo the permanent deaisiflcation that

/I may occur at much higher pressures.
(A) fkIRificuzion Denaiffication of silica and silicate

(A) .- glasses under pressure has been the subject of several .
4 studies ' Bridgman and Simon" reported that vitreous SiO

./' .A'
1 undergoes a permanent densification of 71W at 200 Otars and

/ A/ . that no observabie dRo;fcaio occurs below 100 kbars,
'~whereas ChnadRyacivda 7% densification of SiO,

glass at only 55 kbars. The threshold pressure and the rate of
Increase of density are functions of glass composition anid

, , ~ .temperature and the degree of the nonhydrostatic nature of the
100d applied pressure. It has also been pointed out" that the

* .,..-** shearing effect under nonhydrostatic conditions Is Important J-
indensification. The dnilaino iiaegasI e

gade ste"odngu"o t iodre irossrcue

such that the Si-O bond angles are altered without apparent
changes in the tetrahedral SI-0 distances. Most studies of

±.~II~i~j:::~ ~ (he densificatinn of glasses have been conducted at very NghI

u 6 In situ densifleation at pressures much lower than the
threshold pressures, In the pressure range in which the be- 1
havior of the glasses is completely elastic, can be studied

precisely using ultrasonic measurements. The specimen
*** ... 'e """*length and density ratios (II.L and ptjp.) at pressure P are

'1~el eA give by": -f~ c1
(14)9)0 Ttii dAP_,

where a is the coefficient of volumetric thermal expansion.
y Is the Gruenelsen parameter, T Is the temperature (K),

1004 A-v,41/I.)', and Bv(tI):the zero subscripts indicate
.~. ~-'a-'values under ambient conditions (1 ber and 259C). Using

Eq. (1), p/p. at pressures to =7 kbars was calculated for all
the glasses; In all cases, the relation between p/p. and P was5

The glasses with the higher SIO,/Na,0 ratios soiw the greater
~.~.: -.- ~ '-.- -~'' compression (i.e. have higher p./p. values), and those with the

loe i.content (glasses 1-3) exhibit a more pronounced -.

~~--~- --* - ~effect of increasing SiO,/NatO ratios In incresping compres-
$ion.

(B) Pressure Derivatives of Elastic Properties: The

,,I velocities (v, and v.) and the elastic moduli at a given pree-
~.,, .. ~sure were calculated frmm the measured p.1's for the com-I

Fig.3. Pot. f f ues~y raio,/1.,vs ~ (4) pressional and &hear modes (I, and W.:
lasescotaiin 21" ?nO, a. (R) @I..ss containing Compressional velocity, v.-12i11.

25%o TM), (p Indiae lonsgitudinal wavet a. shear wave). Shear velocity. v. -211..
'I ~Bulk modulus, K'.P(v,'-'/sv.').

in teirstuy o alali Shear modulus, .'e'
were reported by Weir and Shartais' Intersuyofakl on' modulus. E-(WpCa)/(3IC+ja). 4 :.
silicate glasses. The explanation for the decrease In com- Poisson's ratio, a.- I- (E/20)
pressibility with decreasing SiO./NaO ratio is that the degree
of atomistic void-spae in the glass structure diminishest with The pressure derivatives thus determined (Table 1ll) are

the ntsducon f NsO.systematically related to composition, IAe to the SIO./Na.O
~ of Na.O.ratio. The relation between the elastic-wave velocktles (Vp

(2) Measuromose.s limier Pressure, and v.) and pressure 'a ashown in Fig. 4: v, Increases wit

Plots of the pt1 ratio. i/I.. where f and J. are the frequencies pressure In all cases. The value Of (dv./dP) is positive and

at a given pressure and at I bar, respectively, vs pressure for decreases with Increasing SiO./Na,O ratio. whereas (dv./dP)

T ll.II. Pressure Derivatives of the Flastlic Propculeis of the N*1O.TIOl.SiO, Glassies

N. (krn/. b.,.) dkrehiig d..,d5'diI M.. I tt.bs

12.0 -0.20 485 0.53 2.2f9 -1.57 1.0130
22 8.03 -1.24 3.0 0.37 1.76 1.34 1.0132

3 6 4192 0.15 047 1.24 1.0136
4 9.69 -0.35 4.00 051 2.03 1.19 1.0125

56.70 -1.64 3.64 .29 1.56 1.2 1.1
6 3-43 -1.55 3.05 006or 0.731 1.29 1.0128
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. "2 " E .5. The Pri-aaure tdependence of (A) bulk moduluis andeasure
o changes in theintriNuunsic (I ctue ofpr .amute darlnd iiveo are

SA.-. " For all the glasses suiend, IF.i P ranges from 2.29 to 0.47
""- "4' and decreases with increasing SiO,/NaO ratio. The values of: - .... dn/dP are positive and range from 1.19 to 1.57!Mhar (Fig.

i..- . 7).
S...... -•-- )-L •.-J ...... (.1) /Illaslurenitcna Is, :lOO"E. at 1 Olar

"as ,,~ ,,~,The temperature, dependence of elastic moduli is a measure
; '>'( :"•( "•)of changes in the intrinsic .structure of' a m aterial and involves

• ig i Pilot df vtsl,s-li raliis .-,'l, vs sresteure (or (A) both the odd- and even-po~wered terms of the anharmonic

i .a~itaNa .I- 3 a nd a. l iar ae . - - tel expansion. The effects of temperature on the elastic proper-ohglhudln., wo-el f. ,hear wav~e; #, teldwily, at I Im~r). ties were investigated to 300'C. The variation with temper-
ature. T. of any modulus. M. is given by:S~~~~Is negatitve and becomes Increasingly negative with Increasing..,(:, ,)' ,),

SSIO,/Na,O ratio. Mr., a .Q (2)
For all the glasses. the bulk modulus Increases with pressure M. 1k \t. 1. A i(, I

(Fig. 5(A)); this behavior is normal. For most crystalline The length ratio (L,/I,) was estimated from thermal expan-,I"A
oxide solids, dK/dP varies from 4 to 6 at pressures near zero: sion data" and used to compute the elastic modui. Figure I,

, for the glasses investigated. dK/dP varied from 2.59 to 4.85. and Table IV show the temperature dependencies of the bulk
In general, dK'dP decreases li0early with increaI;ing and shear moduli. The dK.,'dT and dp/dT values become in-
SiOA/NaO ratio (Fig. 6(A)). However. the relations clearly cressaingly negative with increasing temperature and. for a: differ with Ti~s content. It is predicte.d that dK,.dP will be given temperature. become %ystematic-ally less negative with

zero for the glass with 20 mol% TiO, nnd an SiO,/Na.O ratio increasing SiO-/N&.(0 ratio. This result iis obviously related to
of 22.9. The shear tiodulus decreases with pressure for the anomalous tempeialure behavior of vitreous SiO,, which is

gtlsses 3 and 6 (which have the maximum SiO./NaO, ratio) known to exhibit positive dM'dr values'" (dKidT-0.lt"
and increases with pressure for the other glasses (Fig 5(0)). khars/*C; d,'dI1-0.045 khars'^C). Thus. as the amount tif
Further, in contrast to the relation between dK/dP and the SiO, in the composition of NaO.TiO,.-5O, glasses increases,
SiO./NaO ratio, which is linear, that between d1,/dP and the dM/dT becomes less negative (more positive). The relations
SIO,/Nao ratio is not (1-ig. 6(B)). between dK/dT and d/i, 1T ind the SiO. 'Na:O ratio, although

iI

'9,•,•• )• ... •,••..i__ :,.,i,
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Fig. 6. Relation betwin (A) dK/dP and (It) dp/JP and
Slot content for Nii,O.TIOSjO, gisa&rs.

nonlinear, can be used to predict the elastic behavior of NaG0
TIO.-SIO. glasses under various temperature conditions. TtMCft~AyUss ..

Fig. S. Temiperature dependnucne of (A) bulki modulus
and (13) Pshear moduhins of lti,o.TiO,-Slo, glasses.

W 4 The total temperature derivative of an elastic modulus. 1W.,
given by (dM'dT),. Is related to the Intrinsic (temperature)
end extrinsic (volume) effects by

0 (3)

-I where a Is the coeffcient of volumetric thermal expansion.
024 Using the data given In Tables 11 through IV, the Intrinsic and

extrinsic coefficients in Eq. (3I) were calculated (Table V).
In all cases. (dK/T), Is negative and (aKFIAT),. Is positive.

- *-Implying that the sign or (dK/d`T), is governed by the sign of
(WO/P)r. i.e. that the observed temperature dependence of
K results primarily from volume change (thermal expansion).
The contribution to (dK/dT), of the intrinsic (temperature)

N. I effect, with opposite sign. varies from I to 'z,41% of the ob-
served (dK/dT),. In thc case of the temperaturv dependence
or it, the main contribution to (dji/dT), is tihe intrinsic (tern-

. perature) effect; very small contributions result from volume
4 ,4 change. In the case of glasses 3 and 6. which have higher

IR~'~.~II~ i~bISiWdNa,O ration tihan the other two specimens in a series of

I'Fig. 7. Poistoim's ratio as a function of preanura for the glasses with similar 1iO, contents, the sign of the contribution
glasses, from the extrinsic effect (volume change) is opposite to that
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_Table IV- Temperature Dependence of the Elastic properties of N~aO.'TlorsiO, Classe"

N (X 1O') maato (M'an) (be.a) 0(&a~/TC) bars/*C) ('C-4
v

1134 1.67 500.3 291.8 0.256 -0.081 -0.071 1.72 l1e 2.22 531.1 310.9 .255 -0.070 -0.051 0.73 as 3.54 518.6 336.9 .233 ---0.025 -0.036 1.3
4 124 1.73 544.2 312.6 .259 -0.080 -0.0433 1.05 107 2.33 546.4 331.9 .247 --0.057 -0.048 0.96 89 3.28 528.3 350.3 .228 -0.035 -0.038 1.0

Table V. Intrinsic and Extrinsic Coefficients for wasn conducted during a National Research Council-National
Eq 3 Academy of Sciences senior postdoctoral research associate-

Eq. (~ship tenable at the Air Force Cambridge Research Labora-Meamtd Cavlculted Mesrdtaries Bedford, Mass. Thanks are due Ethel McAmee for in-
cia. 4),.valuable editorial help.

No. Wr/(br/0(bn*

H-bulk modulus,. Rek erce
1~~~ -00 1 + .~ 5 j4 )t ~ . 5 1 04 'E. H. Hamilton and 0. W. Cleek, "Propertie of Sodium

2 -0.070 +0.0013 1)t -0.0713 101.9 Ttnu iiaeGa 1 . e.NLBr tnf,6 23 -0,025 +0.0109 (43.6)t -0.0359 143.6 Titan9u Siiae lses9.Re.N8)B. Sad, 12
4 0.80 +0000 .3 t -0080 0.3 1 G. Bayer and W. Hoffmann, "Primar Crystallization of5 -0.080 +0.0010 lit)t -0.0680 101:39 894(95)-007 +006 t1.) -0.0430 G2.9 lasses in the System Na.0-TIO,-SiO aZ It, Relation to Im-6 -0.035 +0.0080 1~29 1 003 miscibility," Gloss Technol., 71[3194-97 (96

N-welraamdulus. p 'R. C. Turnbull and W. G. Lawrencel,%"ol of Titania in
1 -0.071 -0.06, (84.9) -0.0107 (15.1) Silica Glasses," J7. Amer. Ceram. Soc., 35 [21 48-53 (1952).
2 -0.051 -0.0442 (86.7) -0.0068 13.3) 'M, D. Deals and J. H. Strimple, "Effects of Titanium Di-
3 -0.036 -0.0381 (105.8) +0.0021 5.8) oxide in Glass: IV," Gloss Ind.. 44 (12] 679-83, 94 (1963).
4 -0.063 -0.0527 (83.7) -0.C103 (8163 'It. J. Charles; p p. 1-38 in Progress in Ceramic Science,
5 -0.048 -0.0429589.4) -0.0051(10.6) Vol. 1. Edited by 3. E. Burke. Pergamon Press Inc., Elms-
6 -0.038 -0.0388 1102.1) +0.0008 12.1)t ford N.Y., 1961.

'14. T. Smyth, "Elastic Properties of Glasses," J7. Amer.*Contributions to total effect (in %)are shown in paren- Cearm. Soc., 42 (6] 276-79 (1959).
theses, 'K. L. Lowenstein, "Studies in the Composition and Struc-tSign Is opposite that of dM/dT. ture of Glasses Possessing High Young's Modui: I," Pity..

Chein. Glasses. 2 [3] 69-82 (1961).
H. J. McSkmimn, "Pulse Superposition Method for Measur-

I ng th ltrasonic Wave Velocities in Solids." J. Accost. Soc.
Ame, 33 [1] 12-16 (1961).

of (4#1/dT)p because (410/d)r In these cases is negative., M .MnhaiadW .Bnig "Pressure Deriva-
When the temperature variations of both K and ja are con- tives of Elastic Moduli of Vycor Glass tot8 Kilobars," J. Phys.
sidered (Table V), a tendency of the extrinsic effect (volume Chem. Solids. 30 [91 2241-45 (198).AibtilT. J. Sokolowaki and M. H. Manghflani,"Adaai Elsticchange) to decrease with decreasing SiO./Na,O ratio Is noed Moduli of Vitreous Calcium Aluminates to 3.5 Kilobars," J..

Amer. Ceram. Soc., 52 [10] 539-42 (1969).
" D. P. Johnson and D. H. Nehl,"itnGg saPo

V. Surmmary cise Pressure-Measuring Instrument," Trans. ASME, 21, 301-a

(1) he easti modli o th Na.-Ti~~iOglases"vry .L.Trnh and J, M. Stevels, "Conventional and Invert
(1)sthemaial elaticompodsitiof ; the Na.0-TOSiO gai s hlasses vante aasd'aiIig Titania: I," Phya. Chemn Glasses, 1 (41

systmatcaly wih cmpoitin; tc S0,/a~O ati Isthe 107-18 (1960).7
most Important factor. A network-modifying oxide such as " C, E. Weir and L. Shartals, "Comnpressibility of Bins
'1%0 Increases the moduli and their pressure derivatives. Alkali Borate and Silicate Glasses at High Pressures,"7

(2) The Na,0-TIO,-SiO, glasses studied behave as normal Amer. Cearm. Soc., 38 (9]1299-306 (1955).
ýV. P. W. Bridgman and .1. Simon, "Effect ofl Very High Pram-crystalline solids under pressure and temperature except for aures on Glass," J. A p1. Phys.. U4 14 406-13 (1953).
Nos. 3 and 6, which exhibit negative dj,/dP values. This 'H. M. Cohenv and .Roy, "Den cation of Glass at Very

and empratre eriaties f th moulivar sytemticllyE. B. Christiansen, S. S. Kistler, and W B. Gogarty, "fr-but ntemealways liearlwivthvso the modulia,0rato Thesetemtclay reversible Compressibilityr of Silica Glass as a Means of De-but ot lwas lnealy iththe iO.Na. raio.Thee rla. termining Distribution of Force in High-Pressure Cells," J..
thins can be used to predict the elastic behavior of glass at Amer. Ceram. Soc., 45 [4] 172-77 (1962).
moderately high pressures and temperatures. "B.R. K. Cook, "Variation of Elastic Constants and Static

(3) Strains with Hydrostatic Pressure: Method for Calculation()The observed effect of temperature on the bulk moduli frmUtaniMeseet,".AostSo.A r.
of the glasses Investigated results primarily from volume 414,445-49 (1957).
changes associated with thermal expansion. The temperature J. H. Strimp and E. A. Oless, "Glass Formation and
dependence of shear moduli of these glasses, however, Is Properties of Glasen" In the System NasO-BO#SIOrTili," J.

relaed rinipaly t th Inrinic tempratre)effct.Amer. Ceram. Soc., 41 (71 231-37 (19581).
relaed rinipaly t th Inrinsc (empratue) ffet."0. 3. Dienes, "Temperature-Dependence of the Elastic
Adm~~ed~silbModuli of Vitreous Silica," J1. Phys. Chem. Solkds, 7 (4]2 41-9

The writer wishes to express his gratitude to Given Cleek, 0.) L. Anderson and G. 3. Dienes; Chapter 18 in Non-
National Bureau of Standards, Washington. D. C., for making Crystalline Solids. Edited by V. D. Frechette. John Wiley
doe glass specimens available for this study. Part of the work & Sons, Inc., New York, 1960.
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Infrared spectr-a of several glasses at high pressures*

J1. R. lFerraro. M. 11. M(Wgllhttan,t & A. Qua I ,roc'hit

('lnis'ixry 1)ivivion, A1rgonne National Laboratory, Argonne. Illinois

The infrared ab~sorption spectra oj* crY~stalfins' at-quartz, arrangement or the individual 5104 tetrahedra is
fused vifica. and Pyrex and Yycor (Corniing Wlass repeated in a random fashion. The infrared spectra of'
Works) glasses we're studied at pressutres tip to 58-8 kb. the silicate glasses correspond to the vibrations of the
7The spec tia o.1 the fused silica and glasses are mnore Si0 4 groups are and characterised by at least three
simple than thiose oif ar-quartz, and their three main main absorption bands at -1100, -800, and
absorption hands appear at higher frequencies than in -'460 cm-1. Lippincott et al.(7) assigned the various
the cast of cc-quartz. The intertetrahedral Si stretching absorptions based on a Tj symmetry: the high-
mode at - 80) cnm IIs fotund to he eom~parativelt, more frequency absorption, -1100 cm-' to the SI--OL~ Isensitive to pressure, whereas the, birratetrahedrai Si-O stretching mode corresponding to the motion of silicon

L . stretching mode at - I1(X) cm I is less affected by and oxygen atoms in opposite directions within tetra-
pressure. 1/ic Grilneisen gatmsas yg, cakculatedfrotn the hedra, 4--SiO-4. +-Si; the intermediate frequency
pressure dependence of the inqfrared vibration mode absorption, '-800 cm -1, to the Si stretching mode in
freequencies, are compared wvith the yt values and those which the Si stretches between tetrahedra, 4-SiOSi--o.;

deuthe arntmlu thepesrma dexpandncsion and elastic ae d 0 e bo fending y modeowithion, the 0 ttahdr, and the

parameters. The negative y' value~s are discussed in terms bending modes which involve a combination or the

haviur q glases.SI-O-Sibending mode between the tetrahedra.
Normally, this latter absorption appears as a broad

Glas i a ossblematerial for the hulls of undersea band in the infrared; its position has been evaluated In

I'vehicles and, therefore, there has been considerable terms or the changes which *nccur in the Si-0O-Si angle
interest in the study of Its structure and the bchaviour between tetrahedral units in the glass structure.420' 21)
under pressure. Various physical tools have been used Anderson & Dienesl" 1 have pointed out that the low
to characterise the glassy state and to elucidate the frequency Si-0--Si bending vibration Is responsible for
structure; one of these is vibrational spectroscopy. the anomalous behaviour or vitreous silica under
Much effort has already been devoted to the infrared pressure (that is the Increase in compressibility with
study of glasses at ambient temperatures and pressures. pressure). One of the aims of this study was to Investi-
Infrared absorption studies have been mi.dc on the gate the pressure dependences of the infrared vibra-

A crystalline polymorphs and thc vitreous forms of tional frequencies for a-quartz and the silicate glasses,
Sis(1-18 and several Raman studies (14-17) have also and to correlate the results in terms of their anomalous

been conducted on quartz at high temperatures. More thermal expansion and elastic behaviour.
recently the Ramain spectrum of a-quartz was studied
under pressure.011 However, the infrared absorption Experimental
spectra of glasses at high pressures have not been Corning Glass Works glasses of commercial grade were
investigated to any great extent.t 191  employed in this study. The specimens were crushed in

The basic structure of various polymorpha of silica a ball mil!, and finally powdered by extensive grindr'g A

and silicate glasses consists of Si04 groups in which in an agate mortar.
silicon atoms are tetrahedrally bound to four oxygen The infrared absorption spectra at ambient condi-
atoms, each being common to two tetrahedra. Thus, tions were obtained by use of a Beckman IR-12
each oxygen atom is coordinated to two silicon atoms spectrophotometer and the KBr pellet method was
and six oxygen atoms. In silica based gladses the used.

............................. - -An opposed diamond anvil cell linked with a

B asad on work perrormed under the auspices or tho U.S, Atomic PeknEmrN.31setohoetrqupd
Energy Commission. supported by the oflice or Naval Research, with a 6 x beam condenser was used to obtain the low
contract numbers N00014.67-A-0387-003, NR 032-515, and NOD0I - firequenicy infrared absorption spectra (<650 cm-') at
67.A.03S7.0o12, also NR 032.527 with University of Hawaii. 4

t Resident Associate under the F~aculty Resci~rch Participation high pressure. Studies >650 cm- 1 at high pressures
Programn. Permanent Address: Hawaii Institute or Gleophysics, were made with a Beckman IR-12 equipped with a
University or Hawaii, Honolulu. Hawaii institute or GeophYsIcs. 6 x' beam condenser. The powdered sample was loaded
Contribution No. 414. yiceae n

t Present address: U.S. Tnhiicco Co., C'hicogo. Illinolis in the cell, and the pressure alternatelinraead

116 Rapodued rom~ nnd~h~nltlY ot lanenv. 13, no. 4, p. 116-121

(1972).)

HI-G Contribution No. 414 Ab'
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Wavelength (It fl) ý1g Nil,
" 7 8 11 9 I) 1? 14 17 _1o 10

~~~~~4 rhv -. 41

A24It 294

;I 44-1k b

1800 1600 14(X)1201) 10110800 W0 400
Frequenucy (C111 1)

91asses 825 800 775 750 750 7257065

Frequatc'y (CM'1)

decreased to distribute the material evenly between the Figure 2, Pressrure dependences of the SI airete/sing
anvils. During the pressure cycling the sample wa vibrations In mquartz
observed under a microscope. A description or the
pressure cell and the method used in pressure calibra- additional absorptions at -700 (w) and ,1480 cm-1

tion has been previously reportcd.( 23' 4) (ni to w), and a doublet is observed near 800 cm- 1.The
observed frequencies of the major bands atatmospheric;

Resultspressure are given in Table 1. The three main charac-
Infrared spec tra of a-quartz and silicate glasses teristic absorptions or' fused silica and of Vycor and
The material a-quartz, belongs to the trigonal system Pyrex glasses are at higher frequencies than those of
and has a N3 symmetry with 3 SiO2 units pcr primitive a-quartz, indicating larger force constants for these
tunit cell.(t211 Thus a total of 24 optical modes of A i, A2 , vibrations.
and E species are predicted
I'- 4A i(R) 4-4A2(IR) FE 0R R)pressure dlependences of the iq'frared vibrations

where R and IR represent the Raman and infrared at-quartz. Table 2 and Figure 2 present the pressure
actiity repecivey. he nfrred spetru is dependences of the vibrational frequencies of a-quartz.

As shown, the frequency of the broad Si-.O stretchingobserved to be simpler than that predicted by the band at - 1080 cm-1 decreases slightly and the
selection rules using the D3 symmetry; however, some
question has arisen concerning the suitability of sole t16 m 1 sosngiil hnewt
assigning the spectrum of a-quartz in terms of a D3
symmetry as five A i polarised Raman active bands are
observed instead of the four predicted by the selection -58.8 kb 58k 41k

Figure I compares the infrared spectra of the three 44- kb
glasses with that of a-quartz. As can be seen, the 29.4kb
spectra of the glasses are simpler and have only three
main absorption bands, whereas a-quartz shows 29,4 kb 147 kh

I14

Table 1. Assignments of the principal vibrational i14-7 kb Al

frequencies of *-quartz, fused silica, and Vycor and
Pyrex glasses lb

Frequency (cm 1) In
Vibrational hju'edPye L ~ L

mods ot-quartz sillica &'vror ye
875850 825 800 775 750 723 525 500 475 4501 425 400 375

d&sos4-doeo 459 475 469 471Frqec m-)f&unYCM'
783 and 800 815 814 812 Feuny(n' rqec c'
(doublet)

1440-.+, I082 1087 1IM10 1095 Figure 3. pressure dependence in futsed silica
t'-*.~ei 1168 - (a) The Si stretching vibration

Pauo 1.I384 1 390 (b) The SIOSi and OSiO bending 'vibrations

physics and Chemistry of Glasses V/ol. 13 No. 4 August 1972 117 X
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A 8.8 kbi 5818Skh

lIlt 8kh: 294 kh. 589kb 44-1kb

447 b~ 47 h~ 43k29-4 kb

kh~14-7
47kh. r ý14-7kb h

I ~A l
I h i "...l

licqu1471 WS-' 1175jec 1on25 875 850 825 8M8 775 750
I 1-requency I111

Fliture 4, Pressxure dc'pendi'nce tit I ieor rlasrs Filture 5. Pre'ssure depentirnce in Pyrex ghrrsv
(it) The Si stretching vibration (a) The HI 0 stretching vibration
(h) rhe SiO~i and OWg bending vibrations(bTh Itrtinvbrio

increasing pressure. The Si stretching frequencies at shows no change. within experimental error, with
-7M&.800 cm I and the mixed bending mode at increasing pressure.

460 m' rc chiivcy mre snsiiveto resure Vv1cor and Pyrex glasses, Figures 4 and 5 and Table 2
and have positive dependence. The frequency of th sh~ow the effects of pressure on the vibrational fre-
doublet tit 783 and 798 cm Il increases up to- 30 kb, quencies of Vycor and Pyrex glasses. The frequency of
att which pressure it disappears, and a single broad the mixed bending mode for both of these glasses near
hand appears. The latter shows little pressure depend- 469 cm--' is observed to be independent of pressure.
enice at higher pressures. For both glasses, which contain B203 (3%. in Vycor
Fksed silica. Figure 3 and Table 2 show the effects of and 13% in Pyrex) the B-0 stretching mode at
pressure on the infrared vibrations of fused silica. The -1385 cmý I shifts towards higher frequency. The
frequency of the mixed bending mode in fused silica mode at - 1100 cm-1 decreases in frequency with
near 475 cm-l decreases with increasing pressure, bu~t pressure for Vycor, and is independent of pressurea
that of the Si stretching near 815 cm- 1 increases and for Pyrex. For both glasses the Si stretching vibration
that of the Si--O stretching mode near 1090 cm increases in frequency with pressure.

Table 2. Lffiec: (!/ pressure oni the principal tWhrationalfrequendies of criystalline a-quartz, fused silica, and Vycor
and PYrex glasses*

IreqIuelcI,c int op 0
St. (. 0-i5

Pressure 0-Si--C Si SI SI-C B-0
(kb) bending streidhing stretchirng strrching Stretching

0.003 459.1-2 698±-+2 783 ±2 1082 1:3
14-7 460.1 2 700±+2 785±42 1081± 3
29-4 461.4.2 7nl2 t,2 787 L2 108 1 --3
4431 463 4-2 704.1,2 790j- 3 1 080:L3

58.8 464 1 2 707:12 792 L3 1078 +-3

' 0.001 475.12 815--t3
14-7 472-12 818±3
29-4 47212 820.-3 N
44.1 471+±2 82241.3

(split at 461-5)
5889 471 .128251.3

Vycor
0.003 8 14 -3 1100+3 13844-3

14,7 817 13 1098.h3 1386±3 .

29-4 820±-L3 1096± 3 1387:L3
44-1 823 ±3 1095 ±3 139013 -
58.8 927.±3 109313 1392± 3

Pyrex
01001 812+5 1390±:5A

14-7 8 1 5±,5 1 392±35
29-4 818-±5 1395± 5

441822:1 5 1400.1:5
58-8 82845 1405f 5

4Only vibrations showing pressure dependence are included.

11111 Physics apti Cheistd~ ry of Glasses V'ol. 13 Not. 4 Aungust 1972
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Discussion cate that the compression of glass takes place along
network chains, thus causing the tetrahedra to move
closer to one another. This effect appears to follow

The infrared active vibrations studied under pressure the order Pyrcx .>Vycor>fused silica -a-quartz, and
may be considered to be of two types, a stretching and may be indicative of an ordering process occurring in
a bending type. Among the stretching types, one main these glasses under pressure. It is known that when one
absorption band near 1100 cm-- is related to the Si-O adds a modifier such as Na2O to quartz, the frequency
stretching vibration within the tetrahedron (intra- of the vstosi vibration at -. 800 cm-1 is decreased.(4) To
tetrahedral), and the other band near 800 cm I is accommodate the sodium ions the tetrahedra must
related to the Si stretching, +--SiOSi..*, between the move further apart, weakening the force constants
tetrahedra (intertetrahedral). Among the bending and causing a shift to lower frequency. The effects of
types, one mode is related to the Si--O--Si bending and pressure appear, as one would expect, to give opposite
the other to O-Si-O bending. The force constant,.fi, results.
related to the intratetrahedral Si 0 stretching type The bending region, manifested by the broad infra-
vibration is larger than that of either of the two bend- red absorption near 460 cm- , involves motion within
ing types, fi and fg. One would, therefore, expect the as well as between the tetrahedral groups, i.e. O-Si-O
Si-O bond within the tetrahedron to be comparatively within the tetrahedra and Si-O-Si linking the tetra-
less sensitive to pressure. Similar behaviour of this hedra. As the effect of pressure on the former mode
stretching vibration towards pressure has been found is not expected to be very large, any pressure depend-
for other compounds involving tetrahedral structure, ence noted for this frequency primarily reflects the
for example, sulphates and permanganates.,) In the change in the vibration of the Si-O-Si bending bond
case of the bending v'bration, both an intermolecular linking the tetrahedra. Borelli & Su(') as well as
vibration, 0giosi and an intramolecular vibration, other workers have noted that the corresponding
($osjo, are involved. The intermolecular mode involves Si-O-Si bending force constant, f4, would be most
a motion of the atoms during the vibration which is affected by the degree of disorder in glass structure.
pseudolattice-like and should be sensitive to pressure, One would, therefore, expect to find some interrelation
and the intramolecular mode should be insensitive to among the three following parameters of glass structure
pressure. In a silicate glass the pressure dependences the degree of disorder, the bond angle, fl, and the
of the intermolecular vibrations are therefore closely molar volume. However, because of the overlap of
related to the compressibility of the glass structure. two modes occurring at -460 cm-1, no definite
The increase in frequency indicates a decrease in conclusions can be drawn at this time.
volume (increase in density) of the glass network, and a As pressure would cause Si-O-Si bond angles in
concurrent increase in the force constant. The intra- the glass structure to vary, the pressure dependency of
tetrahedral SiO vibrations are insensitive to pressure, the vibrational frequency of the Si-O-Si bending mode
and it is suggested that the individual SiO 4 tetrahedra must principally reflect a change in the bond angle, Pi.
are not significantly affected by pressure up to the In the present study the authors found that the
pressures used, and thus the compression occurs along 460 cm-' mode shifted towards higher frequency for
the network whereby the tetrahedra move in closer to a-quartz (dvj/dP=--O09 tan '/kb), towards lower fre-
one another. This is verified by the results which show quency for fused silica (dvj/dP= -0'07 cm-1/kb), and
that the intermolecular mode, vsjos,, is sensitive to remained unchanged for Vycor and Pyrex glasses as
pressure. The small sensitivity to pressure of the shown in Table 3. These differences between the
absorption at 460 cm- 1 may be due to the fact that both findings for fused silica and those for Vycor and
a mode sensitive to pressure (dsiosi) and one which is Pyrex glasses were unexpected, and may be due to the
not sensitive (Josio) are found beneath the broad presence of boron in the Vycor and Pyrex glasses.
envelope. The net result is to diminish the effect of
pressure. Thermal expansion and the GrUneisen parameters

it is of interest to note that the frequency of the Fused silica and Pyrex have negative thermal expan-
Si-O stretching vibration a-quartz decreases with sion coefficients, av, below 200K but these are reduced
pressure (dvd/dP= -O007 cm'/kb)as given in Table3. by network filling agents such as B2Oa, Al2Oa, or
However, frequency changes with pressure could not Na (2O. 7) In order to explain negative coefficients of
be ascertained, within the experimental error, for fused thermal expansion it has been suggested that the low
silica and the Vycor and Pyrex glasses. frequency transverse vibration of the oxygen atom inThe Si stretching vibrations in g -quartz are repre- the Si-O-Si network, which would be most easily
sented by absorption bands at 698, 783, and 800 cm-r , excited at low temperatures, causes the lattice to
the latter two forming a double t which disappears a contract.tlo. ts)
pressures above 30 kb as shown in Figure 2. Corre- The volume coefficient of thermal expansion, a,, is
sponding Si stretching vibrational frequencies in fused related through lattice dynamics to specific heat at
silica and Vycor and Pyrex glasses at zaro pressure are constant pressure. Cg , the adiabatic bulk modulus,
815, 814, and 812 cm-a , respectively. In all cases, there Kc, and the density p

is a systematic increase in the Si stretching frequencies

with pressure, the largest increase being in the case of . C/ . 0(I.

Pyrex glass (dvr•/d1';::027 cm 1/kb). The results indi-
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Table 3. Griineisen parameters calculated for the Various glatses

YJ dvldP x Calcwated
Af4o, (cm-') ( 1m '/0b) (kb S)o, "'

a.quart,

&1o00 +-Joio, 459 009 (.0026738 0.07
Y--sgo... 698 0.15 0108

K-.a.Oa--. 783 0'14 0,07
Soo no shift

S'.-rn-...-ae 1082 -0'07 --002
l*.-A11---AI I 168 no shirt --

Fused silica

"1,nni ,,,.. 475 -0-07 0'0030211 -0'05
* 813 0'1 007

t. 5l- * Al 1095 no shift -

Vyror
6silom +dJitm 469 no shift 00038183 -
t'4-roa-•. 814 0'22 0.07
V -.-sin. -m 1095 no shift --
Vao I1384 0.14 0.0.3

&1101•, 1-do511, 471 no shift(?) 0.002881
812 0 "27 0 .12

-i~o-. .-s, 1095 no shift --
Van I390 0'26 0'06

The ýth term dcrived from my measurements is, in turn,. Here y, and y, are the gamma contributions due to
related to the average of the volume dependences of compressional and shear wave propagation and vp and
the acoustic and optical mode frequencies, vi, weighted v, represent compressional and shear velocities.
by the contribution, Cp,, that each vibrational mode One of the unique aspects of glasses, fused silica in
makes to the total specific heat, Cp, particular, is that tha low temperature Cpis significantly

greater than that calculated from the Debye theory
* ygC,, and elastic modulus data. This is presumed to arise

Stb • - *(2) from the optical modes which arc of lower frequency
than the acoustic modes but which, nevertheless,

CA produce a large contribution to low temperature Cp.
Swhere the Grineisen parameter, yl, is determined by There is, however, no direct evidence that optical

Swfrequencies are excited at such low temperatures,
dinvi KT (dvi Another unique characteristic of silica glasses is thati •"... d/P = i •~lT(3)
d V ( P their acoustical frequencies, as represented by the

where, Kr, is the isothermal bulk modulus. velocities of ultrasonic waves, decrease with hydro-

The two limiting values of Pth (high temperature static pressure in both the transverse and the longi-

gamma, yHT, and low temperature gamma, y,-) can tudinal modes. If one attempts to calculate the average

also be calculated from the pressure derivatives of the P from the acoustical y. and yp based on the volume

elastic parameters,(301 assuming that only the acoustical dependence of the room temperature acoustic velo-

modes contribute to y cities as shown in Equations 4-7, it is found that the
( * calculated high temperature liniting value, vur, is

, 0 27,)/3 (4) considerably smaller than the, Pth, obtained from the
)'T =(v,/v,)- p+- 2ys ( V, measurements at 298K for all glasses considered

"2- -/vp" in the present paper. A comparison of the Pit, and VHT

where values for all three glasses is shown in Table 4. The
s yntr values are all in the range of -2 whereas the Pt•

ye's ---- '3 K""nv•P"' (6) for fused silica and Vycor at 298K are slightly positive
and and the Pyrex fth is about +0-2. The conclusion from

S= 1/3 I-Ks-(Olnvp/aP)T. (7) these calculations is that the optical yi must contribute
a major part to Pth at room temperatures and that the
average optical mode, yi, is slightly positive for fused

Table 4. Values of the Griineisen parameters .for a- silica and Vycor glass and clearly positive for Pyrex
quartz, fused quartz, and Vycor and Pyrex glasses glass. These conclusions are in good agreement with

the values of the optical, yi, obtained from the present
- -work and listed in Table 3.

¶sa-quartz 0-690 As the present work and the mea~urement of the
Vsdor 0o04 240 1.o pressure derivatives of the ultrasonic velocitiest 82) were
Vycor 0.41 8 -so
Pyrex 0.22 1.81 . .SO both carried out at room temperatures, the authors

Prom Referenc I. cannot make a direct contribution towards explaining
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Infrared absorption sptectra of sodium silicate glasses at high pressures*
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CInfrared ahiorplion ipeclra of 12 vindum %ililcalt SIaswe of varyingi composition (10 to 45 mole% NsO) are examined

III varying presurei to '1.9 klhar. The preiwrc defendeoce of oil the4 infrared bihwAinepn frrquencl" studied are found

tn be poellivit Gruneiten -(a are evaluated from the preeuurs dependence of Ow. Inrared vibialions and eleallc paoetranlt.4

Th revulls ate compared with thoic obtained from previouo high-1wessure sludics of nlquaflz and several other sililcale

INTRODUCTION EXPERIMENTAL METHODS

~ucbus lastc mduliandmechni- Eight sodium silicate glasses (K nomenclature) from the
Physical propertiels srno lttcmdiadmchi Natioal Bureau of Standards and four (JflS nomencla-
cal strength of silicatte glasses are related to the density tore) from Sweet and Whitel at Pennsylvania State

of te B-0-i bidge intheranom-ntwok srucure University were used in this study. Table I lists the
of glasses.'I The addition of Nao as a network modifier ch iclom stonftegassInoe%
causes a breakdown of some of the 81-0-Si bridges and
the formation of weaker 51-0-Na bridges and some The specimens were crushed in a ball mnill finely pow-

terminal 51-0 bonds -in proportion to the amount of dered by extensive grinding in an agate mortar. The

'Nao added. Further, some of the 81.0-Si bridges be- rnldinfrared absorption spectra at ambient conditions

twreen the 8104 tetrahedra may be stretched to aecommo- were obtained usIng KBr pellets and employing a Bleck-

date the sodium ion in the network. As a result, tihe man IR-12 spectrophotometer. The spectra from 650 to

elastic moduli and strength of NaO-S103 glasses de- 80 cm-1 were obtained with polyethylene pellets using a

crease with an Increase in the Na,O content. 1-1 Perkin-Elmer Model No. 301 spectrophotometer. The
region from 166 to 80 cm-1 was also checked with heavy

Several infrared investigations have been conducted on concentrations of the glasses In Nujol. The instruments

sodium silicate glasses."' Hanna and co-workers 4  were calibrated in the mitdinfrared regowihplty

have examined the infrared absorption spectra from rene film; and at frequencies <650 cm" with water4

2500 to 50 cm'" at ambient pressure, and others" have vapor, the Hg emission lines and with low-frequency

Investigated the Infrared reflectance spectra of the absorptions of solid HgO.

glasses. However, the pressure dependence of the in- For the high-pressure measurements in regions of 333

frared spectra of such glasses has not been Investigated, to 80 cmi' we used an opposed diamond cell linked with

This paper reports on a high-pressure study of the in- the Perkin-Elmer No. 301 spectrophotomueter equipped

frared spectra of 12 sodium silicate glasses from 1600 with a 6 X beam condense r. 11 Midinfrared studies at high

to 80 cm". The mode Ortineisen parameters, v,, are pressures were made with a Beckman IIR-12 spectropho-

calculated from the pressure dependence of all of the tometer equipped with a 6 X beami condenser."1 The pow-

tinfrared vibration mode frequencies examined, and the dored sample was loaded in the cell, and the pressure

values compared with the high -temperature limit of 5;jhI alternattely increased and decreased to distribute the

Huvarrived at from the pressure coefficients of the material evenly between the anvils. During the pressure

elastic parameters. The results are correlated with cycling, the sample was observed with a microscope. A

previous pressure studies on rp-quartz and several other description of the pressure cell and the method used in

silicate glasses. 10 pressure calibration has been previously reported.

HIG Contribution No. 145- J. Appi. Phym., Vol. 43, No. 11, No~embef 1972
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4596 J.P. FERRARO AND M.I1. MANGHNANI

TA•LE I. comn•i~sltIIm of Na2O-810O glasnse. TABLE U. Sodium silicate glasses. Observed infrared absorp-
tions at ambient pressure (cMa'). Abbreviations: a-strong;

Ratio mr-medium; v- very; b- broad; w-weak

Sample No. Sot N4O M0/1i Gl4%0 ,s,
K- !10 ' 10 9.0 (molel

K-l5 5.7 NatO)
K-I 11 80 20 4.0 a (Vuirtz(0) 108 2 (vs)a 78,3(m) 459(0)
K- 113 75 25 3. 0 800(m)
K-114 70 :10 2.3
K-11 55 35 1.9 Fused 1087(vs) 815(m) 475(s)
K-116 60 40 1.5 iliea•0)
K-117 55 45 1.2 (10) 1056(vs,b) 787(m) 460(s)

(15) 1075b(va,b) 785(m) 461(s)
JRS-2 66.9 33.1 2.0 (20) 1065(vs, b) 965(sh) 775(m) 462(s)
JHS-'! 64.,5 35.5 1.8 (25) 1065(vs) 975(va) 765(m) 462(a)
JRS-4 60.4 39.6 1.5 (27.5) 1075(vs) 960(vs) 765(m) 458(s)
JR8-5 72.5 27.5 2.6 (30) 1070(vs) 960(vs) 760(m) 460(s)

____._____ ___.. .. .... ..__ __ _ __ . . . . (33.1) 0lo75 vs) 940(vs) 760(m ) 460(s)
(35) 1070(vs) 940(ve) 7565(m) 458(s)
(35.6) 107r•,va) 940(ve) 7/6Ofw) 4G8(s)

RESULTS AND DISCUSSION (29.6) 1060(v) 9.10(vI) 74I5(w) 461(s)(40) 1060(vs) 935(vo) 750(w) 460(s)

A. Infrared absorption spectra at varying pressures (45) 1040(vr) 903(vs) 730(w) 468(")

Table II lists the Infrared absorption bands at ambient *Asymmetric on high- and low-frequency aides of band.
pressure for the sodium silicate glasses under study, AVery weak shoulder 990 cm 4 , 1220 cmbt .

and Fig. I displays several typical spectra. Figure 2
illustrates the effects of adding NaO to silica on the
various absorptions between 1400-350 cm'-. The in- Table III presents the pressure dependence for the four
creasing content of Na2O causes a decrease in frequency main vibration modes, in terms of dvi/dP, for the
of the three absorptions at '-1100, -960, and -790 cm-n, sodium silicate glasses. It Is observed that dva/dP
and an increase for the -460-cm-' absorption. It is of values for all the absorption bWnds are higher than those
interest to note that as the Na2O content increases, the for n'-quartz and other silicate glasses. to Figure 3 pre-
-790-cm-1 band shifts toward a lower frequency than sents typical infrared spectra (sample K-116) under
that found in a.,quartz, and the intensity is considerably high pressures. With an increase in pressure, frequen-
reduced. Since the number of Si-O-Si bridging units In cies of the three bands shift toward higher frequencies.
the network decreases with an increase In the NaO con-
tent, it it expected that a decrease in intensity of this -
absorption would also occur. The low-frequency shift of
the remaining Si-O-SI bridging units is consistent with
a stretching of the Si(-0 bond as NaO enters the network.
The ambient-pressure results are substantially in
agreement with the reflectance work of Sweet and Whites
and the absorption studies of Hanna and S?0 g.4 -Ir (SI0,/P4,OeI.2)-- 730

Although it is recognized that it may be incorrect to
characterize an absorption band by a particular type of
vibration in an amorphous material such as glass, 13 we 4"4
find it convenient for purposes of the discussion in this
paper to Indicate that the four modes of vibration on 03
interest may involve the following motions: 1040

(a) -1100 cm", Si-a stretching within the tetrahedra;$ 4  K-113 (SO,/No,0.-3,0) 7
(b) -960 cm', Si-O terminal, nonbridged stretching;e
(c) -790 cm"1, Si1O-Si bridged stretching between tetra-
hedra; (d) -400-cnr1, bending modes involving S-O-Si
and O-Si-O. It should be emphasized that more definitive 7S?

assignments for fused and crystalline silica have no% 462
been made. 13.1- *o65 975

Under conditions of our experiments no significant ab- X10(lg14090
sorptions were found lower than the broad band at -460 - 1-0o SIO./No.01

cm". Our measurements were carried out to 80 cm-1. 10se
The pressure experiment is essentially a thin-film mea- .. i ... I 440 .

surement, and under these conditions the glasses ap- 1400 i200 1000 800 600 400
peared to be transparent. When the glasses were mea-
sured in the far-infrared region as thick glasses, some Fla. 1. Spectra (1400-350 cm-1) of several sodium glasses at
weak absorptions were noted. varying concentrations of 8iO1/NaIO at ambient pressure.

J. Appl. Phys., Vol. 43, No. I1, November 1972
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Mole % ",o Contrary to what was found for 'b-quartz and other mit-
100 s0o

1200r 7- - r . T T. cate glasses, '* even the modes Involving the motions of
Sýued .0Fs, the atoms within the S104 tetrahedra In the sodium silli-

cate glasses are significantly pressure sensitive. Thus,
1000 with an increase in pressure, the sodium silicate

glasses demonstrate compression along the Intertetra-
FRI hedral linkages, but in addition some distortions of the

F ruted SiO individual tetrahedra" must occur. This difference from
800 -,L.. -quartz and related nonmodified silicate glasses must

lc ••-••-relate to the insertion of the modifying sodium Ions In
..(C the Interstices of the glasses.

80o B. Thermal expansion and the GrUneisen parameters

Fursed 5-07 The observed negative thermal expansion coefficients,

-D,,, at T < 200'X for fused silica and Pyrex and th,
effects of diminishing this anomaly by the addition of a
network filling agent such as Na(O is of considerabloi

.. Interest. '"' The cofficelnt, ey ,, is related to V)•
l through the relation

VFIG. 2. IA) i'lot of tetrhttinrt 814) strct'ihng vibration vs A1  );,h r',,• i'pC,, (2)
mole'T of Na•f). (o ) lNot (of horiln:)l YI|() treWti' hlng Vi,'r i,,on

vs moletf of Na50. WI) Iot of SIUI si rt,.lng vibrstion vs k, wheroeits the! nI2k modulus, p ald C., l
rnole'T of NaiO. (M)1 Plot of Ib, llndi vibrations vS moleuT of density and specific heat at constant volune. );,n is ;Iiso
Na2O. related to y, and (Xo by the relationship

I(3

In pressure studies made on a-quartz, fused silica, . "cIC'-i (3)
Vycor, and Pyrex glasses, the pseudolatticelike Si
stretching mode at -800 cm"1 was found to be most
pressure dependent. 10 For the sodium silicate glasses. TABLE Ml. Mode Gr~nelsen parameters calculated for vriortus .
all of the vibration modes studied are pressure sensi- sodium silicate glasses.

tive, especially the tetrahedral Si -0 stretching (-1100 Motion.. d..dp Calculated
cmnr) and the bridging SI-O-SI stretching (-790 cm"1) (mless (,V dc'/ar (aluae)(mole T, (cm"1) ( era'A/lr) (Whami)-4
modes, and the terminal Si-O stretching (-960 cm"•) Na1O)
mode. The effect of Na.e on dvi/dP appears to be
greater than the effect of BO on dp,/dP In Vycor and a-quartz(0) 783800 0.14 0.00267 0.01

Pyrex glasses. Differences between the effects of B0 Fe8 0.11 0.00302 0.07

and NaO on dv,/dP in silicate glasses are not unex- uycor0)VyCorle) 814 0.22 0.00382 0.07
pected since B20 is a glass former and strengthens the pyrex(4} 812 0.27 0.00289 0.12
glass (e. g., elastic moduli increase as BEO in- (10) 787 0.64 0.00295 0.28

creases), 1,2 whereas NaO Is a glass modifier and weak- (25) 765 0.50 0.00270 0.24

ens the glass. (35) 755 0.48 0.00252 0.25
(35.5) 760 0.50 0.00253 0.26
(40) 7.50 0. 50 0.00251 0.27

The mode Grtineisen y,, y•, in Table fI are evaluated (46) 730 0.56 0.00232 0.33
from the relation a-quartz(0) 1082 -0.01 0.00267 -0.02

fo t eti (10) 1085 0.46 0.00295 0.14
Vj X/ (1) (25) 1005 0.45 0.00270 0.16

(.5) 1070 0.48 0.00252 0.18
where Kr Is the isothermal bulk modulus. (.r5.5) 1075 0. 50 0.00253 0.18

(40) 1060 0.42 0.00251 0.16
Whenever comparisons are possible, the sodium silicate (45) 1040 0.42 0.00232 0.17

glasses demonstrate yj values which are higher than (25) 9'5 0.45 0. 002 67 0.17

those calculated for at-quartz and other silicate glass- (35) 940 0.35 0.002 52 0.21
(35.5) 9410 0.6 0• . 002 53 0. 21

es, 1o and In every case are positive. The vi-quartz (40) 935 0.40 0.00251 0.17
and fused silica glass demonstrate negative yj values for (45) 935 0.45 0.00232 0.21
some modes and also show anomalous thermal expansion a-quartz(0) 459 0.09 0.00267 0.07
and elastic behavior. 1,-, The positive V, values for the Fused 475 -0.07 0.00302 -0.05
sodium silicate glasses are consistent with the effects silca(0) ;

of network filling agents such as NaO in diminishing (10) 460 0.19 0.00295 0.14these anomnalies, M The higher ionic character o1 the (25) 4652 0.13 0.002170 0.1I0ths aoale. 0Th ige inc hratr tthm(35) 468 0.18 0. 002 52 0.14

sodium silicate glasses is also contributory to the higher (35.5) 458 0.21 0.002 03 0.14
sensitivity to pressure as opposed to the pure silicate (40) 440 0.13 0.00251 0.11
glasses or those incorporating the more covalent boron (45) 468 0.19 0.002 32 0.18
atoms into the glass framework. l.

J. Appi. Phys., Vol. 43. No. II. November 1972

...- 77



4596 J.P. FERRARO AND M.H. MANGHNANI 4

,-,-1 I--r- Table IV shows a comparison of and y.? for the sodI-
um silicate glasses at 2984K. The values for tv-quartz,
fused silica, Vycor, and Pyrex are also included. We
have no ready explanation for the observed differences

"K-116 (0.001 hbor) . in the ih and v,€ values,

It is significant to note that as the NaO content in-
creases, the optical V, values are observed to increase

750 (Table III). The ith parameter increases slightly, but the
vnr values increase significantly, and &-e much more
sensitive to compositional changes occurring in the

glasses. It may also be observed that the negative YNT
values are related to the anomalous behavior in *-quartz
and fused silica, for as NapO enters the glass, VST be-
comes increasingly more positive and the anomaly de-

765 creases. Since Raman-active modes have not been ex-
amined under pressure, definite conclusions were not
possible. However, the positive pressure dependences

of the infrared-active modes examined, correlated with
1060 935 the absence of any negative thermal expansion observed .p

for sodium silicate glasses.

K-116 (30 kbor) SUMMARY

Infrared absorption spectra of sodium silicate glasses
vary systematically with composition and pressure. The
following findings are noteworthy:

(i) The strong broad band at -1100 cm"` due to 81 -0
stretching within the tetrahedron splits; the frequencies
of both of the resultant bands decrease with substitution

l 945 of Nap in the structure. With an increase in pressure
1070 these bands show a shift toward higher frequency.

.._ ,. .I (ii) The frequency and intensity of the bridging Si-O-Si
1200 1000 800 stretching mode at -790 cm" decreases with an in-

, (cm") crease in NaO content. The frequency was found to in-

crease with pressure.
FIG. 3. Spectra of the K-I 6 glass at varying pressures froma

1200-700 env'. (tit) The low-frequency band, due to Si-O-Si and 0-81-0
bending modes, slightly ic reases in frequency with
NapO content, and with increasing pressure.

where y, is defined by Eq. (1) and C, is the specific- (iv) All values of dv./dP for thl four optical vibrational
heat contribution for each vibrationar mode to the total modes examined are positive..,
Einstein specific heat.

Since the thermal expansion data were obtained at room
temperature and above, we will consider only the high- TABLE IV, Thermal and elastic data ad the 0i4 .leisen
temperature limit of V,,, designated as yn*. yVu may be parameter values for the NaO-SiOg glasses.

calculated from the pressure derivatives of the elastic (mole 7, Na2 O) Y"r
parameters, assuming only the acoustic modes contri- (10) 0.003 -1.35
buting to y; (15) 0. 04/ -0.84

VunJ=I(V,+2y,.), (4) (20) .00 -0.31
(25) 1.01 -0.17

where (27.5) 0 (see 0.32
(30) 008 erratum) 0.49

1"= la I/r (33.1•) Ol0 0.9 4 .6
r43 kD nP / (35) 0. 11 0.71

(35.5) 0. 10 0.74
(39.6) 0. 11 0.93

and ,~(40) 0 2 1.03
Snv,) (45) 0 3 1.08

V*j +Krop a, o-quortz(o) .6
Fused silica(0) 04 -2.32

Here y, and•y. are the y contributions to the compres- Vycorto) .04 -1.80

sional and shear-wave propagation, and v, and v,, repre- Pyrex(4) 0.22 -1.50

sent, respectively, compressional and shear acoustic .'

wave velocities. '1 aN. Sog, J. Geophys. ReO. It, 4227 (ID7).
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(v) The vi's calculated from dvj1/dP are higher than those 'M. If. Menghinani (unpublishedl).
for ai-quartz and high-silica glasses, reflecting the in- ' n 33 uJ ni iaSc 7 9 16)

crease in Ionic character of the glasses as the NR2O '0) Croie and R. W. D~ouglas, Phys. Chewm. Glasses 6, 240 (19691.
coneninrese. 1.R.Swttand: W.Ty. Rhw. Whil, Phy46 Chem5. Gass1,246 0969

F.Jeltyman and i. P. Proctor', J. Soc. Glass 1Technol. 39, 173 (1955)

glases, he alueof v, icreaes igniicanlycorr- 1Simon and If. 0. MlcMahon, ..Anal. Ceram. Soc. 36, 160 (1953).
latng ithan bsece f ngatve heral xpasio in R. Ferraro end M. Hf. Manginanil. J. Pttys. (*hem. Olasses (to be

thes gautossaes graefl o .W Clek Nt)n
Bureau"I R. Ferppanot, S . Va. VMietreA.Wir and C. PotuInE.c .ChmLtnt.n2, 3. RQ

Lab ratry, 1C . oelmlk, M. S. Mitrd, and P, . FeranPro, Phrs. Nuc. ('nd. I, 299. (1.61
They athosank grat iserl Aronn Naioa "W. H.ek (laskel Ihs im lse ,916)for ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~N Fh crtca eaig fth ausrptad o hs "it and G.J.. Sy, M.ani. eram. Rs.cul. 3,619(1968).
Burayhlfulsgeto.Oe of SadrsadJR.wet, he authosy(l.an.a "E-". ILakippncot PRo. Vhan Soc.lknd.g 7A, Wie7 (1QC3.7) nlng . e

for 4 tt Uiesiy o thisdin work byas theimns NA BlereStckand0. Bure6 , (158. Py.(len ois2,17 6)
gratefull acnw.de Bell spot My. F. Amer., eandP.De. S. 4227(159. Py.Sc An,1 "(98"Offiey ofhaalk ReS.Fshearch (Cgontnec National A-37 "3oatr, 1.H. Oaiykel. Phemica Cem. Gmocanca Seh 69e of(1967)A.eral ie

0012, Nelfu 03-5u)g awiiestiosOnoftute ofuGeophris (MyH A. W: Se'lakmy. P. Vhy. Saone, and 70. 827mb (19t3t7e)e.ewVok
ContributionocN and65. Burley, W.rren,.3.hAm.I.oPhys.24.1271 9173)

2~~~h A W4i Seac. D. Andersone and V3 .Dlns oC~alline old (Wtleytcec, New York.

-fl oBw n work perfortned under the auspices of the U. S, Atomic Eniergy 1960), p. 449.
Commiksiom240. K. White, Cryogenics 4, 2 (1964).

1R. i. Charles, l'mgret int Ceramic Vicienee (Pergawson. New York. 1%61). Vol 1'I Hf. K. Hearron. Phil. Mail. 46. 720 (1935).

!. "D.~ P. Schwrle and C. S. Smith, J. Phy% Chem Solids 25, 901 01964).
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Erratum: Infrared absorption spectra of sodium silicate
glasses at high pressures
[J. Appi. Phys. 43, 4595 (1972)]

John R. Ferraro
Argonne National LaboratorY, Aigonne. Illinois 6W439

Murli H. Manghnani
Hawaii Invit ut, of Geapysiks. 1Iniversty (if Howait, Honolulu, Hlamad 96822

in the nmanuscript on the high-pressure effects on the TABLE TV. Thermal and elastic data and the Orelnesen param-
infrared absorption spectra of sodium silicate glasse.~ eter values for the NaO-S(01 glasses.
two errors appeared inadvertently. ThEse are (Mole% Na) jT *

1. Equation (5) on p. 4598 should read as follows: (10) 0.408 -1.25
(15) 0.864 -0.81

I a5) (0 1.141 -0.35
ya 5) (5 .334 -0.17

(21.5) 1.432 0.34
2. Table WV should read as follows: (30) 1.532 0.49

(33.1) 1.700 0.67
(35) 1.847 0.76
(35.5) 1.792 0.74
(39.6) 1.975 1.02
(40) 2.027 1.07
(45) 2.20 1.18
a -quartz (0) 0.694' 0.48
Fusied Rilick (0) 0.04 -2.32
Vyctor (0) 0.04 -1.80
Pyrex (4) 0.22 -1.80

ON. Sop, J. Geophys. Riev. 73, 4227 (1968).

*The listed 9t Values should be divided by 3.

thI
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Infrared absorption spectra of lithium and potassium
silicate glasses at high pressure* o

John R. Ferraro
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Infrared ablorption xpectra of five lithium sltkate and sla potassAum silicate slowe of varyinig
compolmtion (205 AS ,noe% H30( and 15-40 mole%. KO, rexpectivety) are examined In the rinse
t5M-00~0 cm '. 'The frequenclee (if the main ahsorption bands decrease with an increase of

f ~alkali-metal oxide (MI1,) content, with the exception of the 960 cm' okhoulder fot the lithium
tilic'ale glm~qeA. The preilture dependence-% to - 40 khor. of all the main Infrared atmorption
freqiuenc'iel, which are preltsure %onsitive, ate found to he. positive, The valuaes of di',/dP are higher
for P41t1Sluun etiicate glasilte than ror sodilum andi lithium tkilicate slim"t. The effects of pressure are
found to he oppoeite to the conmptnAieinal effects. rhe (Irilnelsen mnode y's, y',. evaluated from the
prA~etkre dtependence of the infraredt ashorption frequencies. are apparently related to the polarizing
power (if the alkali-metal iori. The rotulbi diacuued in light of previowt hlgh-preAsure Infrared
nheorptuion %tuttie% of fused MivA anti sodium silicate glaaates clearly indicate that y, -y,% and v.~ Y
venetally inrucalte with U,0 content In alkali silicate glaslses

1. INTRODUCTION increase in ?4a, content-, second, the pressure depen-

Ithas been demonstrated that the addition of an alkali- dneo h he ao nrrdvbainlmdlv
metal oxide, such as NaO, to the 5104 tetrahedral net- wapotie idhrtevlesfmderiesn
roeo ework filiiat liatss low cditontoentration, cats mior gamma, Y1, calculated from dv,/IdP, were larger than

workin iliateglasesin ddiionto efecinga mnor those found for fused silica and that V, for the ~-806-roleof etwrk illng t lw cocenratoncaues e- m" band appears to increase (outside experimental
adjustment of the S104 tetrahedra and, its a consie-
quence, produces some structural distortion. These err)wt aOcnetadinccaatro h
effects are accompanied by breakdown of the 51-0-Si las
bonds, and the formation of weaker, more tonic bonds This paper Is an extension of an earlier study; its
with Increasing alkali oxide content. The variations in purpose is to report on the composition and pressure
the mechanical, I elastic, a and thermal properties, 2 and dependence of the Infrared absorption spectra of five

1ýinfrared absorption spectra of sodium silicate glass- lithium silicate and six potassium silicate glasses int the
eg,4ý14 having different composition, reflect such stric- range of 1500-100 cm-1 and to pressures of 40 kbar.
tural modification. In general, It ist of Interest to Inter- The mode Orilneisen parameters, V,, calculated from
pret the composition dependence of the various prop- the pressure dependence of the main infrared absorp-
erties of alkali silicate (M,0-SiO,) glasseas itn ligbt of tions, are compared with V o and the high -temperature
the breakdown of 81-0-51 bonds, formation of weaker limit gamma value, yl, obtained from the pressure

in the 81-0-Si bond angles in the silicate glass atruc- correlated with previous studies on sodium silicate

ture. Such an evaluation Is of particular value to better glse'and fused silicat. 14

understanding of the anomalous thermal and optical
properties of high-silica glasses. 11. EXPERIMENTAL METHOD

The important conclusions reached In a recent paper Five lithium silicate glasses and six potassium silt-
concerning the composition and pressure dependence of cite glasses, synthesized at the National Bureau of
the infrared absorption spectra of the sodium silicate Standards, were used in this study; the glasses were
glasses in the 16O0-100-cm-1 frequency range were that annealed to 525 1C. Tables I and fillist the chemical
first, except for the 460-cm-1 absorption band, frequen- composition of the glasses in mole%. For obtaining the
dies of the other three major bands decreased with an

TAB3LE 1. Chemical composition of L40O-810, glasses. T~L I hmclcmo~ino s-lgass
_____________________________________ sample mole% SiOCO2 lRemarks

8S-ample No. mole% 8101/L40O No. slot K20

_______slot____________U2_______ 1 86 is 5.7

I80 20 4.00 2 80 20 4.0
75 5 .0 3 75 25 3.0

70 30 2.33 4 TO 30 2.33 3hm'Iqk SO

4 68 32 2.13 5 65 616 hssptU

6.19 Jf~ . Appl. Phys, Vol, 44, No. 12, Doembemhs M93 Copvtiqht n, 1913 American Institute of Physics 5391
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LiO2-SlOt No 2O-SlOt I(O" SiO:

MOLE % Si0t MOLE% StOt MOLE % Si O

0090 80 T0 60 50 00090 so 70 60 50 i200 9 80 060 S0

12 10 I20 - 0

(A) (A) (A) ...

1000 .-10_ (B) o0o0-- (8)

I e0-
600 600 600.-

(U)() (D)

400 400 400

t I , ! ,I I , I , I.•, I , I

10 20 30 40 50 0 020304050 30 40 50

MOLE % MtO MOLE % MgO MOLE % MaO

FIG. 1. Plots of vibrational mode frequency vs composition in molefl, M20, where M is 1.i, Na, or K. Ze0o nole% 0A12O is for

fused miliea. (W etrahedral Si-t stretching vibration. (B) Terminal Si-O stretching vibration. W) |--0-Si brdlged stretching vi- h

bration between tetrahedra. iD) Handing vibration Involving Si-O-SI and 0-81-O.

Sinfrared absorption spectra, small portions of the Hg emission lines, and with the low-frequency absorp-

glasses were crushed and finely powdered by extensive tions of bolid yellow HgO. For the high-pressure in-

grinding in an agate mortar. The procedures of sample frared absorption measurements < 650 cm"n, the op-

grinding and preparation were conducted in a dry box posed diamond cell and the Perkin-Elmer 301 spectro-

flushed with dry nitrogen. The mid-infrared spectra photometer equipped with a 6 X beam condenser were

from 1500 to 650 cm"1 were obtained by using a diamond used. Mid-infrared measurements at high pi ssures

anvil cell and Beckman IR-12 spectrophotometer. The were made with a Beckman [R-12 spectrophotometer

spectra in the range < 650 to 300 cm' were obtained by also equipped with a 6 x beam condenser. ' The pow-

using a diamond anvil cell and a Perkin-Elmer model dered sample was loaded in the cell in a dry box, and

No. 301 spectrophotometer. The instruments were the pressure applied in incremental steps. During the

calibrated in the mid-infrared region with polystyrene pressure cycling, the sample in the cell was observed

film, and at frequencies < 650 cm"1 with water vapor and with a microscope. A description of the pressure cell
-- -- ,....--.--- -,--~----....... ......... and the method used in pressure calibration have been

-previously reported. '5,1

,iO0 / L IO, 4 0// / .,,•K,=O .b.7,

A
en0g/LIO S .3.0.. b /KO,40.N

i-S0i1 /LigO - 2.3 -I

buO,/K0. 2 3. .

L 
J

:•SiOg/Li=O • 1.9 -iv /K#0:1.

Sockmon IHI2 &can& Porkin-Einsr 0301 scans Beckmon IR-12 scans Parkin-Elmer 0301 scans

1'400 200 i 800 (CM-0 450 500 550 1200 000 8oo (m") 400 450 500 550

FIG. 2. Spectra (1200-700 cmnr) of lithium silicate glasses FIG. 3. Spectra (1200-700 cm"1) of potassium silicate glasses
with varying ratios of 8i0j/LI5 0 at ambient pressure, observed with varying ratios of •501O1A0 at ambient pressure, observed
by using a diamond cell with a Ileckman 1IR-12 speetrophoton- by using a diamond cell with a Beckman [1-12 spmectrophotom-

eter. The spectra (600 to 300 em-1) of the same glasses, ob- eter. The spectra (600 to 300 cm- 1) of the same glasses, ob-

served by using a diamond cell with a Perkin-Elmer No. :101 served by using a d(iumond cell with a Ilerkin-Elmer No. 301
"spectrophlstonsiter, are also shown here. spectrophotometor, are also shown here.

J. Appl. lhys., Vol. 44, No. 12, December 1973
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hTA BLE Ill. l1,tlitll, alli e.11c gltaae . I An'ie-veil1 inra red abl- TABIL E IV. Plotua a iuti sillicate glas-aeas Obsetrved lfinfraed ub-

so rptioiis at litilbe at p ic Ijacre W IWI). ao ptloit5 ilL alitbletit preusaU s Win t).

(usA bso rpt Iotuta (IliasH Absorptions'
(:aolc,. W120) (1) 11 -(U) uoI - itolc% K20) (1) b (2)C ) 13

20 1090 (Vii, W) 804)01 4m 80 Fused silica (0) 1087 (vs) 815 475
25 1075 (va, hI; 960) (Hit) 800 WOu .1h.1 15 10)70 (vs, b) d 800 466
W0 1060 ivs); 9615 (alt) 790 (nit) 4h8 20 10615 (Va, W) 1 780 469

312 1050 (Vs); 970 Wh) 785 WO) 016 25 1080 (vs); 996 (vaj) 775 466

35 11)50 ivst; 970 (sh) 790) (tit) 488 30 1080 (vs); 97G (viit 780 469
-- :-15 1080 (vs); 975 MvO 170 469

i'Abblveviations: v "very; s - strong; 1) -- broud; fitn medium; 40 1065 (vm); 945 (va) 755 464
sh -shoulder.

b'Linilt of freqIuenc.y itieaautmentaeit) b eo"' 'Ababreviations: v - very; a strong; bt broad; ra= moduium.
0Lmitnt of frequency nietisurenient 1 3 ('110. Limit of ftsqrtequny tucasuremnctt 1 5 ctn't .

SLinvit of frequency nicauetaronicitt t 3 entI.
IlAsyrnmetrie off high-freqluetty siell of absorpiLonbad

Ml. RESULTS AND DISCUSSION

A. Effects of Compositional variationI em" /moleY; this is only an approximate value In view
kTables HII and IV list the observed absorptions at of the failure to resolve the band. For the potassium

ambient pressure for the glasses under study. The ef- glasses, this absorption is a very strong resolved band
fects of Increasing LiLO or K.0O content in the glass appearing at 995 cm-t in the glass containing 25 mole%/
composition are illustrated in Fig. 1, which also in- W.,O (Fig. 3). In contrast to the lithium glasses, the
eludes for comparison, the previously reported results frequency of this band decreases with increase of
of some sodium silicate glasses. "Typical spectra for potassium content, similar to that observed previously
the Lt.2O-SiO., and K~O-SiO glasses studied here are for the sodium system. 'The value of dv4/me is - -2. 00J
displayed In -Figs. 2 and 3, respectively. The frequency cmt11,/mole%/ which is the samte as the value obtained
of the -1100-cm-1 band, related to the S1-0 stretching for the sodium system. (For a comparison of the be-
within the tetrahedral, decreases with an increase of bavlor of ru 1/dC for the band, see Fig. 1 curves labelecl
alkali content in both glass types (see also Fig. 1), the B. ) This clearly suggests that, as a result of increas-
effect being more marked in the lithium glasses. The Ing amounts of alkali-mietal oxide, the S1-0 bond is
relationship in the potassium glasses is not as well de- streng~thened in LIA,0-MO glasses but is weakened in
fined-the frequency increases slightly or remains in- Na.O-S102 and K,,,0-810, glasses. A similar effect is
variant with the KO content. If we represent the corn- also found in a, study of Young's moduli of these glass-.
position dependence of frequency by dvu/dC, where C is 0s 2: the Young's modulus decreases in the NaO and
the moleYf M,0 present in thme glass, we have, from the KaO-SIO, glasses but increases in Ll.,O-SiO., glasses as
least-squares analysis of the data, the values of dv'1/dC the amount of alkali oxide increases.
for the -1100 -cm-1 band in the lithium, sodium, and

*potassium glasses as -2. 87, - 1. 04, and -0. 11 cin'/ toThe frequency of the -800..ctut band which Is relatedP

moleY( M,0, respectively. This clearly indicates thatthSi-Sibdgdsrcinbewntettahr,
* ~~~~the SI-0 vibrational bond force constants rriay be weak- isoerdtoecaewthnIceaente IO

enedto muc graterextnt n th lihiumglasescontent In all three glass types (plots C, Fig. 1), the
thne toamcIratretn n the sodhium glassesasarulofnceedM decrease in the sodium anid potassium glasses being

content;, for the potassium glasses, thmere is lage thn ht nth itim lsss
4ciable change. The frequency of the -400-cin- band, which repre-

A3 ~960.1sents the bending niodes Involving 81-0-Si and 0-S1-0,
510Theria -;i-m-bsorption represents the nonibridging de o prcal aywt op~to.i l he

Si-Otermnalstretching. Simon"' has commented that dosotapeibyvrwthcmstoun ttre

this band appears in alkali silicate glasses at nearly the cae(ptsIig1)
same frequency whenever the alkali metal oxide content An examination of Fig. 2 shows that as the alkali
reaches a value of 25 moleY. Our results are in agree- oxide content of the lithiumn glnasses increases, the in-
ment with the latter conclusion, but it is found that the tensity of the -l100-ctmv tI band decreases, a. Coase0-
frequency at which this hand appears in the three types quence of the decrease tin the number of the S14)-Si
of alkali silicate glasses studied varies with the type of bridges that is also reflected by a very slight decrease
alkali metal present, being highest (-905 cm-1) for a in the Intensity of the -800..envt band. SlinklaL effects
potassium glass (Fig. 3) and lowest (-960 cm- t ) for a are observed In the potassium glasses (Fig. 3). hlow-
lithium silicate glass (Fig. 2), This absorption band, ever, the intensity of the '-800-cm41 band decreases
which appeared as a shoulder in the sodium glasses more appreciably with increasing K.,O content, and the
containing 26 moleY Na,,O or more and which showed a intensity of the 81-0 terminal nonbridging stretching ab-
definite separation from the - 1100-cin" band with In- sorption at -960 cm-t increases and becomes as strong
creasing Na2O content, appears as a small shoulder as that of the - 11OO-cin' band at a SiO./K.0 miolar ratio

near - 960 cm-1 In the lithium glass containing 25 mole"N of 3. 0. Also seen in Fig. 3 Is a decrease both in in-
Li2O. It remains as it shoulder even at a higher concen- tensity and in frequency of the -800-cmt1 band in thme
tration, 35 mole"ý l~i:,O (Fig. 2). The value of dt1 /dC potassium glasses as the K,.O content increases. Shuti-
estimated for this band In the lithium glasses is 1. 08 lar effctst- of thme idesorpt Ill hands - 1100 and 800 Cnc'

J. AppI. Phys., Vol. 44, No. 12, December~ 11973

S-- 4



..... .l ....

53114 K 1. . M,,,. 111 h.ii, api iasilit : s .iwlh W) jli•)uas alt 1l1i19 pionsule 6394

LIO-StO GLASS {S•O//t~l•OX 100' Z - 5602 Ut ASS

(S0OV/KO SOA0)

0SO/ 1 001l kbt

-31kbo, r9 0001 kbo,-

0788 k050

l0o ! qoso"

1100 1015

o200 1000 0oo * ,

t (ctn`) 1200 1000 0oo
FIG. 4. Spectra of lithium ailicate glass (25 mole% LU10) in the (CM
frequency range 1200-700 cm"t at varying pressures. FIG. 5. Spectra of potassium silicate glass (25 mole% K20) in

the frequency range 1200-700 cm-1 at varying pressuras,

were also observed when the Na2O content increased in
sodium glasses.' this author, the lower the electronegativity of the alkali

metal (the order of electronegativity being Li > Na > K),

When all the results for the three types of glasses the larger is the i contribution to the v Si.-OM'* nSi-O- •
are compared, the compositional effect on the -1100- St i bond. Thus, the higher electronegativity will result
and 960-cm"= bands in the lithium glasses is more ob- in the lower compressibility of an alkali silicate glass;
vious than found In the other two glass types. On the the available experimental data on the compressibility of
other hand, the compositional effects on the ~800-cm"r alkali silicate glasses support this conclusion. =
band are the least apparent in lithium glasses, probably
due to the small size and large electronegativity of LP, B. Pressure effects

which results in a less ionic Li-O bond. One might
correlate the above-mentioned effects with the behavior Tables V and VI present the pressure dependence of

of silicate glass under compression. To do so, let us the pressure-sensitive infrared absorption frequencies

consider the compressibility of vitreous silica, which for the lithium and potassium glasses. Figures 4 and 5
is higher than in any other alkali silicate glass, and depict typical spectra of some of these glasses under

which decreases as alkali-metal oxide is added. The de- pressure. Except for the ~460-em 1 band, which does
crease in compressibility is in the order K > Na > Li
silicate glasses. 11 Revesz t" has commented upon the ef- TABLE VI. Comparison of the mode GrUneisen parameters v4
feet of electronegativity of the alkali metal of the oxide, with YT and 5tk for various potassium silicate glasses. Note
added on the ir bonding between Si and 0, and its effect that the band at -470 cm"1 shows no shift with pressure within

on the compressibility of silicate glass. According to experimental error.

Glass V5  dv,/dP X Y vY ViaT' •t•,

TABLE V. Comparison of the mode Grfdneisen parameters y. (mole% (cmr1 ) (cm'/ (Mbar t ) V

with YNT and jth for various lithium silicate glasses. Note that KlO) kbar)
the band at -480 em"! shows no shift with pressure within ex- 15 800 0.26 3.212 0.10 -0.52 1.06
perimental error. 20 780 0.66 3.163 0.27 -0 1.34

Glass Pv, - dv 5/dP x' 71 7nTH /T~a 25 775 0.52 3.095 0.22 0.39 1.69

(mole% (cmrt) (cm' 1 / (Mbar-i) * 30 780 0.52 ... ... ... ...

Li2 ) kbar) 35 770 0.52 ...

20 800 0.26 2.446 0.13 -0.76 0.77 40 755 0.62 ..

25 800 0.39 2.314 0.21 -0.40 0.99 15 1070 0.52 3.212 0.15 4,
30 790 0.39 2.174 0.23 0.23 1.22 20 1065 0.40 3.163 0.12
32 785 0.39 2.092 0.24 0.43 1.36 25 1080 0.52 3.095 0.16
35 790 0.39 2.027 0.24 0.71 1.46 30 1080 0.66

35 1080 0.66 ... ..

20 l0ooo 0.26 2.446 0.10 40 1068 0.26 ...
25 1075b 0.39 2.314 0.16 45

30 1060b 0.26 2.174 0.11 25 995 0.52 3.095 0.17

32 1050b 0.26 2.092 0.12 30 975 0.66 ... ... .4

35 10508 0.26 2.027 0.12 35 975 0.52 .

, 40 945 0.52 ... ...

gData from Ref. 2.
bShoulder to this peak too weak to follow with pressure. AData from Ref. 2.

. The listed •th values should be divided by 3.
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06 ---.---..- oxides also makes the motion of the Si.-O bond within
no #too .. ,, ibw,,tI the SIO, tetrahedra increasingly sensitive to pressure,

and that addition of potassium ions causes the greatest
change in the pressure dependence of this Si-O vibra- .4
tional frequency bond.

L .C. Correlation of composition and

pressure dependence of vj
V

04 The effects of composition and pressure on the vibra-
,.tional frequencies are found to be opposite. For the

P .alkali silicate glasses, almost all the infrared absorp-
tion frequencies decrease with increase in alkali oxide
content, whereas pressure dependence is positive in

o0 2.0 all cases, except for the bond-bending vibrations at
POLARIZING POWER, ZhI -460 cnm', which does not show any appreciable change.

KrUger, " in a study of the thermal properties of sodium

FIG. 6. Plit of dft/dP vs polatzisg }ower (Z/112) for M2(- silicate glasses at low temperatures, has considered

810)2 gltssse, where M=i, Nit, or K. (Z cloctonl cehange, that the introduction of NaO has two effects: (I) The
.and r-- radiu (Rcef. 19) of the lkalli ion.) Joined StO tetrahedra readjust to a more ordered

angular position and (ii) the network becomes increas-
ingly disrupted. Our results are consistent with this

.not appreciably vary with pre:ssure, the d,,/dP values consideration. Increase of the alkali-metal oxide con-
for the - 800- and -~ 100-cm"- absorptions are positive, tent results in a decrease in the intensity of the ~800-
as was found for the sodium silicate glasses. cm band, and the appearance of an absorption at - 960

For a given molar content of alkali oxide, the dv,e/dP cm", which Is due to the nonbridging Si-" terminal

values for the potassium silicate glasses are similar to vibration. As the number of the broken St-O-St links

those for sodium glasses and higher than those for increases to accommodate the alkali metal, more new

lithium silicate glasses. The dt'/dP values for all the terminal bonds are created, thus causing the intensity

absorption bands considered appeIar to be more or less of the - 960-cm"y band to increase. The Si-O stretching

related to the type of alkali metal present rather than bonds within the tetrahedra also change, and probably

to the amount of alkali oxide in tie glass. One explana- weaken slightly. In all cases the frequency decreases

tion possibly lies in the difference in the polarizing with an increase of alkali-metal oxide, except in the

power Z/r' (where Z is the electronic charge and r the case of the bending vibration frequency (- 400 cm-1 )

ionic radius) of the three alkali metals involved in the which reflects little change. One would expect that the

composition of the glasses. Figure 6 shows a plot of Si -0-Si and O-Si-O bond angles also change with the

i dv 1/dP versus the polarizing power (Z/r 2 ) of the three addition of alkali-metal oxide. However, no conclusions

alkali-metal ions. It can be seen that as the Z/r' value on the bond angles can be made from the present study

of the alkali ion decreases, the dv' 1 dP value, for a of the infrared absorption frequency.

given mode of vibration increases, the pressure depen- The pressure effects are opposite to the effects of
dencies being in the order of K > Na > LI silicate composition. All frequencies shift back toward the
glasses. position of the frequencies for fused silica, with the

SThe mode Grilneisen parameters v, tabulated in exception that the terminal Si-O vibration remains In-
Tables V and VI, are evaluated from the relation variant. The pressure effects may be considered to

e Vcause some ordering of structure, as was previously
"" 1 ( d (1) reported for quartz and fused silica."

' dPl(

where X is the isothermal compressibility of material, D. Thermal expansion and the Gruneisen parameters

In all cases where comparisons are possible, the Y, The observed negative thermal expansion coefficients,
values for the alkali silicate glasses are higher than ay, at T < 200 'K for fused silica and a borosilicate
those for fused silica and reflect the more ionic glass, and the effects of diminishing this anomaly by
character of the former. The results are consistent the addition of a network-filling agent such as MO is
with the fact that the effects of adding alkali-metal of considerable interest. BC,2 The coefficient av is
oxide to silica will diminish both the anomalous thermal related to F, through the relation
expansion and the elastic behavior of fused silica and
high-silica glasses. In general, the higher sensitivity Yth Ks/pC4 =crKr/p( =, /IX (2)

to pressure of the vibrational frequencies for the alkali where K, and Kare the adiabatic and isothermal bulk .,

silicate glasses, as compared to that for fused silica, moduli, f) is density, and C,, and Cv are specific heats
"and particularly the increasing d.I,/dP values from at constant pressure and volume, respectively. V,, is
lithium to potassium silicate glasses, Is a consequence also related to Y, and C, by the relationship
of the increasing ionic character of the glasses as one
Sproceeds from fused silica to Li ---Na -YK silicate glass- -gl, )'hC"r (3)

es. The previous study of sodium silicate glasses•4 and e +"'/
the present results indicate that the insertion of these
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2 1 F4T' thermal expan4ion due to the addition of alkali -metal
oxide to fused Fio,.
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TABLE 1. Chemical composition and the infrared absorption WAVELENGTH sffrequency assignments for the - 930 and '450 cm 'vibration 1 9 10 iu it 13 14 15 20 25 30
modes in4 NaOiioSO g.,,ies iti100a r~
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TABLE~ 111. Infrareil aassgnmentii fot the SiO. tetrahedron 1000
vibrations in I),., sylnltetfy.

Apprnnxmate
frequency jxiltiun

Ainnel(cm 1) '---
fit Si Snia iec

41V Al i rit W) Ht 950

E 2 S it,1'1141iinK (HA ) )

batlimlMit 4'3andi 352 vt' whill' t il II viio'' Mshows
infrared allsorpf ition at 77(0 mide 371 (titt 1. The re'geion
of I)tt7011 voi ' inl Niw-A 1-Ti(Sit gltwsws is free of

absoi rptionii Thi, li iv r fri-cpu-te-v rt-Kiuitttit -4-4vf iii 09000 To
A ~ ~ i CM likitM'irl litwiki-aie oif tOw broadil absotrptil 1111 ek-rring 0 5 o % Ti~

int fill- reil ClSodium silicae. glisses

B. Assignments for the Intermolecular Vibrations40

fit fbi' *--Si( Si--- *t~iiis modi ne bti w-i-on tije, Sit, *ILL
ttifrahidrit." 14 'l'ltt' titeicli'od SH() Si litt Ne n it't
ItM~igttt(I ill til viitirg rg tio f t hi- I rom vitiv nyo'im,
i'cilrriog tii I- V it) ~IY *l

1 2 2.5 3 3.5 4
5103 /atdo0

C. R~elation of Vibrational Frequencies with Composition Fi"j. 3t. Firipiei'wii' yp Sjol,'Na,(l ralch, for Mi.() Pisli'thi'ng
in Na-,O.TiO,-SiO, Glasses WA( i (5 1 ) &till for the Si( , fmietiinx niitle',i (-40A) i'm').

l16i'ftrring, 14 a i'Ks. I andi 2 itool Table' lI1, thei iibisiirp-
tio ti lIt il t 0' 'i I~ i t utribuiit i tio thill Si-( te'rmtinal glimese' ecrr'espontlm fit) Na-t() c'ontient of W'? mole %/, the
etotibrif lgi-e vilirat lion, and I lit' 4-1) ent - aliori ionf isl st rutn't iu' paraneti'tr yj - (6I - =11/p), where p in mole,
att fribiut ed tit) I hi' vibtrations inivolving Si-O-Si and1( (Yj 1 wn qa o hterte amso
0Si -( be'llielig on x1e'M, r'fe'rro'dIi nitiRo dii$US(A .ini till lit thil tw obet ltirvatjions tt H4O 1/Nai() - 2 for the Na50-

taritir ~tpi'r.11-1" h sli'uiiathbr lit~ l~)c till- Tj.1 -H-iot and Nat)-Sio, glasses are' :itlate'd im not
pi-arinK Its till Nit-1) v'itvntit itle-rvitsvs, is IwMigitd to e'stitlislwd. On comparinig fth' results (if parts A and It
hit( Si-f) sftri'tch withbin tilt Sift ),mtit. Absorpt iont at. it, l.ig :I, it is found that the role of TiO, contf-nt in
-71g) (-iii 1, (liii' to Si-O-Si bricige' stroitchintg bet we'en vi'nbale'ing slid diminin~hing the rompositior dependenee

c'f rahtlnrii, mbIicit is st rtitt iti glasseM (3 andl 0I) (()iti- (If the' vibration frequencies otf the 9110 and ý4J6O
titiniizg low No.,( ) -ittte'it , lwc'otnc's wv'eaker as the' (11-1 absorption handtid, t'sPlective'ly, is not similar.
N aS) vo'ipinf-t is itll'rviviA5 (compare' Owe spe-ctra iof Ine'rc'as, oif iOt 'otntenit dimintitihemt t~he' effect mi the'
ghiaats 1 *--3 an11(1 it( 4 - -11 in lFigM. I and '2, rispc'tivi-ly). "-9 f) t c ab iserpt ion f r'eie'ee'y and( enhaunce's it for

F~ig.3 illustrte i( e-ffect. of fthe Si01 /Na.1) ratio olit the', -4(W cin I fre'ciue'iwv.

"It',ri-spi-ctiV('lV, for thte Na1 1i,_ -Sio-1i xlaiste'M. riwe 111. SUMMARY
;trevioti re-aults fur till, se ditum silicati' K~lasem's1 are' aloI-Daaaeprmue o niae htteiyner
itnivtidele' for vopaisio~~Mtll As Mi'ent, the fre'que'ney of the' of t u ljq ire', 1)1treM ~ fs iNv trioeliot thasti tham lowernedt

nS)c 'ubslorpfion illaid 4le'(-r{-LMI'MMSt'ti eily eftt'St)iuitst N( -try)O.iO lsehaloee
and1( nietilini'ariy ame thf' Nlt5) 'eittni'i is ii'ri'ami-id ic.v fromt 'l' to D1,1 (or Ca, syrmmer)
IL1 till' Sio )/Na-A) rtuito dee(rv'ikso's). Th'Il( fre'eiue'ne'y 2. T'it( two inaiti abseerptioimu at -950 emr' and

i'otp~ifeti 'ilveM fll te' wotyp'sofNaA-T( )Si- 4Sf) In occ(utr ait lower frefquenry than in the
glasses, (tell' i'ifitainilig '20 find thte' eithr '25r ittele':t, Nit'1 -Si(, )K gass and fttsed silica. Significant shifts
Ti'it intrst-eM((t lt Sif )./Niti() ratie' -2.2 e('(rr('espitltlidtfg toiwardt lowe'r fr~pe'wney occur as the NasO content, is

teo -' 28' molar "', of NatzO. Till e'ffect otf inl're'asing inevat(''Vic'

Na,,() e'oitetit liltthe'- 4,50 vitn- absotrption is opol~i~~t.(P 3. l'ruitivney'i~ of the' tA'rinilal Si-() stretching mode
and ~ ~ ~ ~ ~ ~ ~ ~ ~ j wisnak'i-fh'feqec n'la4Msihl ~ith (-'95f cn is more' sensitive to added Na,O than the -

a de'ere'ese in SiO-1/NaA)0 ratio. Ileire' again, tIv uut WO i'ldtgiese r'
(,l'utvi'a for till h 20 andi 2.5 tole' I'll. Ti( ) comtpositioni 4. Th'e' e'ffect (if adding Na,() on the' Si-() terinitual
inte'rse'e' )it Sif ,/N*ot ) ratio cif -2. It. is of intetre'st tet Mfethigtil'(-h)it )iopNit t htfod

time frnt -ig 3 ltut te r'laiete cf feqt'ac VS for the' Sit i andi 0-Si-f) bending inoeies -~-- b'creasietg
S~it)/Na,it) for sodliumi silicate' gla~ss('M iniverts at Si( )./ frequnr'iy ocetirring for the' streitchinig inode ws the'
Nit,,() rattio V11l1i4 slightl lv les thant 2 (-I' l1 ole' ' Na-zf )ionttenttt ini'rve'a(', atid incereasing fretluency for
N aPf)). Thie' itlve'rsiont 44-0'e' fo r fW e'Stslniin1 silie'Itia t he fll' t'ding notoivis with an inereasvtu4( in Na4() contutet.
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5b. For vat-h absoerptieece (20ind 2%Ti( )J), thl' x It, It. Mhaw and 1). It. tlhilmann, J. Non-Crystalline Soelids
fre'qe'e'eeey vs Si( )2/ Nn.t( ratio ecirvei' iiet.v'rsivt sit -~2. S, =I (1971).
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ticix k '~ 10. J. It. Ferraro, Loso YrcquieneV Vibratiouns of A~orgweie. aed

Coeordinatione Ioinpounda (Plenum Press, New York, 1971). . 1

ACKN WLEGMET 1. F. (Itonzalex-Viblelex and W. P. (Iriffiths, J. Chem. Moc.

T1he' mitivers' ite-kueewl('dge withJ thantkm t he' t-vchi~eeat 12. 1-,. It. ILippieee'ct t., A. Van Valkenburg, C. R.. Weir, and H. N.
alaneI v of(4 N Mr. Anthony Quattrochi of the' Unite'd liect~ia ig, J. Hew. Nat. Beair, Stand. 61, 61 (19ON).

roit,(,. Teh C om ((epa~ny, 4325 N. Fifth Avvie'r , 1:1. J1. It. Ferraroe, M. It. Nlanghnani, and A. Quattrochi, Phys.
( ,,,.. (leern. 4 lamelte 13, 116 (197U).
~hicegee aae~c~1 I. J1. It. Ferraro and M. If. Manghnani, J. Appi, Phym. 43,

431145 (1972).
1. I II.lk~elt~ nd CX W.Clek, .. l~s. Nt. Bar. t a1d, . J. It. Ferriaro, L. J. Hameile., aced MI. If. Mansheeani, J. Appi.

61. Nl '2, 90) (11, ' 1) lPhi'. ntilaeit ted for pueblication. -A
2. . Byeraeel . I'e~rneen (Iewe ''~'heeel 7 No :t ~ 161. It. .1. L.. Trap aned J. MI. Stevels, Phys. Chem, (Ianes .

4.~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~~~~~~~~~1 NI. 4) eleee~ .I.Srnpe 1a id 4 11 tt') m , I107 ('lI8)j N wiharlae ls cnann
3. itW. c inulaned W. C. L~awreeeee, .1. Aoe. (ereuec. Mo...Ne.,17(Il)

33. No. 2Te4ro(1952l .7. Onee of the referees of this paper coemmented on the recent
.35. Nc. 2,48 (292).avancan stedy Jece NI. C. Tobite and T. Baak. J. Opt. Moe..

h. C'. II ieaeymanu modc 1). Berg, l'bye. Cheeme. (;elameee 2, No, 5, Hty;; citaricnel" exhibited vibrations amigned to TiC)"fm
Itsr (2961).y ineticens. Thec reascens feor the differences are not imme-

6. MI. If. Ntanglenarci, J. Ane, flerenn. Sece. 55, 3(94) (1972). eliately appcarent, buet oearglawne contain more NasO, and
7.It. J. Chaleeie, in I'rvgrean in(Ceramic' Sciecce', J. E.Burke', vibratieces diWe tothe latter effects could obiceere any TiC)

E~d. (Pergamnecc Ireeee, 'l~nixfcrel, N. Y., 19611), VolI. 1, 1). 1. vilerationa. Q

.:A

Ij

.... .... ....... .... ................. ................. ............. .............



EFFECTS OF COMPOSITION, PRESSURE, AND
TEMPERATURE ON THE ELASTIC, THERMAL, AND ULTRASONIC

ATTENUATION PROPERTIES OF SODIUM SILICATE GLASSES

By

Murli Hi. Manghnani

(HIG Contribution No. 598)

I 14R

. . .



4 .. . . . . . .

(To be published In: M. Kunigi, M. Tashiro, and N. Soga (eds.),
Proceedings of the Xth International Congress on Glass, July 1974,

Kyoto University, Kyoto, Japan.)

EPI.F.T. OF COMPOSITION, i'JE;UNM;U, AND TI'PERATIURE ON
TillF ELASTIC, TIII.MAL, AND ULTRASONIC ATTENUATION

PHOPEIHI'{I'ES OF SODIUM SILICATE (LASSESI

MANGHNANI, M.11., SINGiH, B.K.

Hawaii Institute of Geophysies, University of Hawaii

Honolulu, Hawaii 96822 lISA

INTRODUC'ION X

In the course of reviewing various themmal and elastic properties of

glasses, it has been clearly shown (re's. 1-2) that two types of anomalous I
behvio exti,*t In the vil~trational properties of Inorganic glasses.

The first to related to abnormally low-frequency vibrational modes for '

which volume deptr)(tonve of frequency ( I.e., dw/dV) is positive, and in-

cludes anomalousi properties :auc'h it negative thermal expansion coeffi-

cient, positive tem[rature derivative of elastic moduli and negative
pressure derivative of' elastic moduli, all of which are characteristic of

the tetrahedral g;latwleti like fused silica. The second type depends solely

upon the low-frequency vibrational modes and includes properties such art

large acoustic loss, e-xcens specific heat, and low-frequency Haman seat-

tering, all of which atre characteristic of glassy state, in general. This

paper reports on the elastic moduli, thermal expansion and acoustic loss

in fused silica, and in seven sodium silicate glasses, as the function of

* ,composition, pressure, and temperature. Although several investigations

on the elastic and thermal properties of alkali silicate glasses have been

carried out (e.g., refs. 1, 3-6), virtually no data exist on ultrasonic

attenuation in such flasues, except for some lower frequency, high-

temperature data (ref. 22).

The elastic properties of simple silicate glasses in general depend

on the density of the SI-O-Si bonds in the random network of silica. The

addition of a network-modifier ;iuch as No 2 0 results in a breakdown of some

of those bonds and the formation of relatively weaker Si-O-Na bonds in

proportion to the Na 0 added. In this manner, Charles (ref. 7) has shown
•ithat Youngla modulus In the N 2 0-itO 2 glass system decreases nyotemati-

•:cally with increase In Na 20 content.

It is of interest to study the changes in the anomalous behavior of

tetrahedral silica-like glasses as they are progressively modified by the

addition of Na2 0. The purpose of this study is to investigate the elas-

tic, thermal, and ultrasonic attenuation properties of the glasses in the

Na 20-8iO2 glass system In an effort to elucidate the structural changes

in the random silica-based network, and the mechanism involv.,d.

(From: Preprints, Tenth International. Congress on Glass, No. 11,

Strength (I1) and Hardness. Viscoelasticity and Elasticity.)
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EXAPERIMENTAL TECHNIQUES

Fused siltsa (COW code 7940), obtained from the Corning Glass Works,

Corning, New York, and seven sodium silicate glasses, synthesized at the

National Bureau of Standards, Washington, D.C., were used In this study.

The chemical composition and annealing temperatures of the sodium silicate

glasses are given in Table 1. Right circular cylinders, 1.25 cm long,

were prepared from the glans samples for the velocity measurements as

function of pressure (to 5 kbar at 2980 K) and temperature (298-498' K at

1 bar); cylinders of approximately the same length but larger diameter

(v2 cm) were used for the low-temperature (80-2980 K) attenuation and velo-

city measurements, in order to minimize the errors of the side-wall

effects in attenuation work. The end-faces of cylindrical specimens were

paralleled to within 1 part in 10l parts, and polished flat to i1/2 wave-

length of sodium light.

The pulse superposition technique (ref. 8) was employed for studying

the pressure and temperature dependence of ultrasonic velocities and,

hence, of the moduli. X- and Y-cut quartz traflsducers, 0.65 cm diameter,

having 20 Mliz natural resonant frequency were used to generate compres-

sional and shear waves in the specimen; 30 MHz transducers were used for

attenuation measurement. The bonding materials between the specimen and

transducer were: Dow-Corning 276-V9 resin for the pressure measurements

at high pressure; HT-424 epoxy (manufactured by American Cyanamid Co.) at

high temperatures (298-4980 K); and 'Nonaq' stopcock grease (Fisher Scien-

tific Co.) for the low-temperature velocity and attenuation measurements.

The details of the ultrasonic equipment, the high-pressure and high-tem-

perature apparatus, and the procedure for evaluating the pressure and

temperature velocity data have been described previously (ref. 9). The

basic experimental measurement was the pulse repetition frequency (PRF) of

the carrier rf wave applied to the transducer attached to one plane-

paralleled faces of the specimen. At the 'resonant' condition, ignoring

the effects of the bond, the velocity is given by v - 2ft where f is PRP

rate (i.e., reciprocal of a round-trip delay time) and Z is length of the

specimen. For evaluating velocities and moduli at high and low tempera-

tures (above and below 2980 K, respectively), corrections were applied for

path-length changes, using the measured expansivity data (in the 298-4980

range). The results, to be discussed later, are shown in Fig. 4.

The "modified" pulse-echo-overlap (ref. 10) was employed for making

the low-temperature measurements of ultrasonic velocities and attenuation

simultaneously, and liquid-N2 dewer and the electronic equipment similar
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.... ....... . . .. . .. .. . . ... . . ...... .. . ..-.



ii . 4,4,,:,,; • • • %U• A• • • • 4 .4.'. 4. .... =••,••• •• • •;.r:: :

to that given in ref. 10. The method allowed a continuous recording of
* attenuation with temperature, the resolution of measured attenuation values .•

being 0.04 dB or better. The accuracy of the measured velocity is esti-

mated to be .03% or better.

DISCUSSION OF RESULTS
1. Elastic Moduli at Ambient Conditions. The elastic parameter measure-
ments for fused silica and the Na2 O-SiO2 glasses at 20 MHz are listed in
Table 1. The density of the Na2 O-SiO2 glasses continuously increases

.4 e'et ,4*

C70p1o 8 to* o -010 0. 0 1 .2

Cli. o D t o $is 800,6 Zs.84 and 0, 9, 0 d] .

13,i" *,s Fi. .. g8  * 8. 3 .T

Kil l 0 8 I son 20.18 3.18 5 .3 55 03-. 0.2630 2311 8.8 0.10o 4.
Ki lt so ge Sao 20.1b 2.363 5.36a 3.253 h63. 0.20b 2,443 M.5 0.2.2

u113 i5 a ns i80 3o.l8 3.81 5.341 3.1st 834.3 0.3860 3'M 3t0.$ 0.88 0,1?
?o38 7 )a 893 3820 . 81 8~ S.346 ).lot ha9,8 0.266k 1.61A 389.8 0.311 8.89

911S 6S is 85s 20.14 2.40S 3.33 3.058 hit.- 02, 0 8.391 412.a 0.818 3.7?
K11t 40 85t 4$0 30,31 #,Sao $.881 2.90) 416.1 0,2840 8.59 833.8 0.878 1,07
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Fig. 1 Density V and
V' as function Fig. 3OfNa 2O content.
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represent unpub- versus Na2O content,
lished data of Fg
Kurkjian and 2
Krause. Composition%

dependence of the
elastic moduli.
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with increasing Na20 content, however, the velocities of both the
compressional (V ) and shear (Vs) waves decrease. Good agreement is found
with the unpublished velocity data of Krause and KurkJian (personal commu- ,;

nication, 1974), as seen in Fig. 1. The present data indicate a minimum
in V near 25 mole % Na2 0 composition; thereafter V seems to increase

p 2p
with increasing Na2 0 content. Fig. 2 shows the composition dependence of
shear (u), bulk (K), and Young's (E) moduli. Both v and E decrease non-

linearly but systematically with increasing Na2 0 content; K modulus in
fused silica appears at first to decrease when Na20 is added but, above
10-12 mole % Na2 0),it continuously increases. These results show that the
role of added Na+ is twofold: (1) the ions fill-in the void space in
silica structure; and (2) they modify the SI-O-Si bo n ds, forming weaker
Si-O-Na bonds In proportion to the amount of Na20 added and causing modulw ea

to decrease (ref. 7).
2. Pressure and Temperature Dependence of Elastic Moduli. The pressure Yo

dependence of the elastic moduli of Na2 O-SiO2 glasses is found to be
linear, within experimental error, in the pressure range of this study
(5 kbar). Lower soda-content glasses appear more anomalous (i.e., dK/dP
and do/dP are both more negative); the anomalous behavior systematically
decreases (i.e., becomes less negative) with increase in Na2 0 content
(fig. 3). At lower Na2 O content (< 20 mole %), the values of dK/dP and
du/dP change more rapidly with composition than at higher content (> 20

mole %). From Fig. 3, dK/dP and dv/dP are zero for glasses containing

approximately 16 and 25 mole % Na 20, respectively.
The results of the temperature dependence of fractional velocities,

(V ) /(V ) and (V ) /(V )2 , and of shear modulus are shown in
Figs. 4 and 5, respectively. Except for glasses K110 and K111 (containing

1.04

IWO 00 .oooo

$0 160 240 320 400 400 " M 240 220 4i00 4. N
TEMPERATURE, #K UMPRET|, • ,

Fig. 4 Longitudinal- left) and shear-wave (right) velocity ratio
versus temperature. The values in parentheses represent
Na2 0 mole 5.
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10 and 15 mole % Na2 0, respectively), the temperature dependence of V
p

(above 2980 K) in all of the others is normal (i.e., negative temperature
Jerivatives); for Vs, only Kl10 shows anomalous behavior (i.e., positive
temperature derivative). The values of dK/dT and dP/dT from both the high-
and low-temperature measurements at 2980 K are in good agreement (Fig. 6).

* FUSED SILICA 794010)

060.0

S0. IOW I&lo

KIO (101 FUSED SILICA 79 0)

o.00 - , ,11-3,

so io 4 • oc LO O "01 LOW IUMP

09• li 1 0.0 IH IM'

092 , "IO limp.I .
10, • l 3L0 -Q 410"2 I

UIMPERAI UI, 'K 0 I0 20 30 40Nalo /Mott

Fig. 5 Shear modulus ratio Fig. 6 dK/dT and dp/dT
versus temperature. versus Na 0

content. 2

Here it is again noted that the degree of anomalous behavior (positive
dK/dT and du/dT) decreases with addition of Na2 0. The composition depen-
dence of dK/dT is linear; but that of dp/dT is somewhat nonlinear, at
least for higher Na20 content.

In the course of a study of the acoustic spectra of Na2 0-0e02 glasses
(ref. 11), it was pointed out that a 30% Na2 0-70% Ge0 2 glass shows low.-
temperature thermal relaxation at •1250 K. The low-temperature results in

Figs. 4 and 5, showing reversals in the anomalous behavior of fused silica
and the Rlll and K112 glasses, also indicate such thermal relaxation. The
minima in the velocity and modulus (around ,,1200 K), caused by the thermal
relaxation, is seen to shift to higher temperatures with increase in the
Na2 0 content; also, the magnitude of thermal relaxation decreases, as in-
dicated by increasing linearity of the curves, with increasing Na2 0 con-
tent.
3. Graineisen Parameters. The thermal Griuneisen parameters, Yth

aVKs/PCp - OvKT/PCv, were evaluated using measured a., K. and p values,
and calculated Cv values; the latter were obtained from the Debye theory(ref. 12). Values of Debye temperature (eD), 0v' and Yth are given in

Table 1. The Yth values systematically increase with increase in Na20

1080
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content (fig, 7) which systematc Inereasne Is also reflected in the

SiO MOLE%
100 90 s0 70 60

pI i .a -

0 10 20 30 40 J" O.,,. .4•
No 2 0 MOLE %

. ( tand 'YH P3 functilons Fig. 8 Yth as function

of Na1?O content. of temperature.

pressure and temperature derivative values. The high-temperature limiting

values of mode (Oruneisen parameter, YHT' can be evaluated from pressure

dependence of velocities (ref. 13). The values of YHT increase more
rapidly than yth does with increasing Na 2 O content (fig. 7). Although the

Y11T values are negative and larger than the Yth values, both GAineisen

parameters increase when Na.2 0 is added to the silica structure.

Temperatur'e dependence of Yth in the range of 2 9 8-4 9 80 K is shown in

Fig. 8. In fused silica and the lower soda-content glasses, the Yth value

is more or less temperature-Invariant. For higher soda-content glasses,

Yth increases more rapidly with temperature.

14. Ultrasonic Attenuation. Large ultrasonic attenuation occurs in simple

inorganic oxtde glasses such as Si" 2 , GeO2 , B2 03 , and AB20 3 at various

temperatures in the range from v5QO to N2500 K (refs. 1I-21). Anderson

and Y'6trnel (ref. 1i) proposed a structural relaxation mechanism to explair

the attenuation spectrum for fused Oica at low temperatures. According

to them, thermally activated lateral shifting of an oxygen atom between

two equivalent equilibrium positions, perpendicular to the Si-0-3i bond,

is a source of structural relaxation which also explains the negative

thermal expansion and excess specific heat anomalies at low temperatures

in fused silica. An alternate mechanism, which involves the movement of

the oxygen atom in the direction of the Si-O-Si bond rather than perpendi-

cular to It, has been proposed in a two-bond-length model (refs. 15-16).

Compared to the amount of work on fused silica, very little work has

been done on the study of relaxational processes in sodium silicate glasses

except at low frequencies (.01 and 10 Hz) where the attenuation occurs due

to ionic migration of Na+ (refs. 17, 22) and possibly oxygen ions (refs.

22-24). The Na+-migration relaxation is a stress-induced phenomenon,

resolvable at frequencies of the order of KHz.
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Figures 9 and 10 show the composition dependence of longitudinal and

24%

70IoA13oM 2208034 220p
_____________________________ SFUSED S7LCA 0400)

TIM.IIATUI, *1{TIMMIllTURI, 'K

Fig. 9 Fig. 10
Temperature dependence of Temperature dependence of

attenuation (longitudinal mode). attenuation (shear mode).

shear attenuation at 30 MHz, respectively, for the Na2 0-SiO2 glasses at

ambient conditions. As seen, the attenuation due to shear-wave propaga-

tion is approximately twice that due to longitudinal-wave propagation,

which supports the previous conclusion (ref. 19) that the loss is in large

part sensitive to shear distortion. The temperature dependence of longi-

tudinal and shear ultrasonic attenuation are plotted in Fig. 11. The

SIAI MODE U 140

1 o30 We Io00 0 0 3 O

Fig. 11 Ultrasonic attenuation as Fig. 12 Peak attenuation tempera-,.'-
function of Na2 0 content. ture versus Na2 0 content. .

present 30 MHz attenuation data for fused silica are in good qualitative
agreement with previous 20 MHz data (ref. I• 16, 21) with respect to the
shape of the attenuation-temperature curve, although our attenuation val- /
ues at 30 MHz are larger. Figures 9 and 10 show increasing broadening of
the attenuation peaks with increasing concentration of Na2 0. This is

probably due either to thermal broadening (ref. iL•) or to a wider distri-
bution of activation energy; the width of the loss peak (e.g., in fused
silica; refs. ei, 16) has been interpreted in light of the distribution

of activation energy. Alternately, the broadening could also be due to
the superposition of the high temperature Nac -mlgration relaxation on the
structural relaxation, at least, for the low-silica glasses. p,,f

11 - 110 .
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One of the most interesting findings of this study is the shifting of

the peak attenuation temperature (in the low-temperature range) with in-

creasing Na2 0 content; the peak attenuation temperature for each glass is

indicated by an arrow (figs. 9 and 10). Because of the broadness of the

attenuation curves, there is significant uncertainty in determining the

peak temperatures. Also, since the peak attenuation temperatures for

glasses KI10 and Kill would fall below 800 K--outside the temperature

range of this study--the peak attenuation temperatures for these glasses

were estimated by extrapolating the attenuation versus temperature curves

(Figs. 9 and 10); hence the relationship shown in Pig. 12 is subject to

further uncertainty.

However, compared to the peak attenuation temperature of 47' K for

fused silica (refs. 14, 16), the peaks for the Na2 0-SiO2 glasses certainly

appear to be composition-dependent. Since the peak attenuation tempera-

ture increases with increase in the Na2 0 content, the effect of adding

Na2 0 to SiO2 is opposite that of adding Na2 0 to Ge0 2 (ref. 11), although

there are structural similarities between fused SiO2 and 0eO2 (both

glasses have tetrahedral structures).

For the low-temperature structural relaxation mechanism, such as that

present in fused silica (ref. 14) and presumably also in the Na 2O-SI0 2

glasses, it would be of interest to compute from the frequency-dependence

of the peak attenuation temperatures the most probable activation energies

for different concentrations of Na 2 0. However, as attenuation data at

different frequencies are not yet available for these glasses, no attempt

can be made to calculate the activation energies for these glasses (foxr
fused silica, activation energy is ^1030 cal/mole; ref. 14). However,
from the shift of the peaks to higher temperatures (Fig. 12), it is sug-

gested that in some systematic fashion the activation energy increases with

Na2 0, contrary to that found for the Na2 O-Ge0 2 system (ref. 11). Although

temperature side of the attenuation curve, at least, for higher

content glasses, it is clearly inferred from the magnitudes of attenuation

curves of the Na2 0-SiO2 glasses (figs. 9 and 10) that the magnitude of

attenuation, and thereby relaxation strength, decreases with increasing

Na2 0. As a phenomenon, this behavior can be interpreted on the basis of

a structural model in which the Na2 0 molecule modifies the existing

Si-O-Si bonding sites. This modification may result in the formation of a

weaker Si-O-Na bond or an unbridged Si-O- bond. The former would impede

the movement of the oxygen atoms, and since movement of the oxygen atom is

the cause of attenuation this would result in decrease in the attenuation,

accompanied by the increase in the activation energy as revealed by the

•A
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shifting of the attenuation peak to higher temperatures. The latter

modification would, however, make no contribution to attenuation. In

other words, a loosening of structure occurs with the addition of soda,

which is in agreement with the low frequency internal friction work

(ref. 22).

In high-soda glasses, at 30 MHz, one would expect to find Na+

relaxation at temperatures above room temperature. Near room temperature
(Figs. 10 and 11), the temperature-dependence of both longitudinal and

shear attenuation increases with increasing Na2 0. The effect of composi-

tion on the internal friction at much lower frequencies (.0i-lHz) for Na2 0-

Si02 glasses studied by Forry (ref. 22) shows a decrease both in intensity

and peak temperature as Na2 0 content increases. In light of this and our

results, it may be concluded that the expected high-temperature attenuation

peak is shifting toward lower temperatures with increasing Na2 0. A similar
shift in Na+ relaxation temperatures has also been observed in the Na2 0-

GeO2 glasses (ref. 11). This type of high-temperature relaxation requires

large activation energy compared to low-temperature structural relaxation.

it is desirable to investigate further the composition dependence of Na+

relaxation at high temperatures and low frequencies in other types of

glasses.

5. Summary

a. Elastic moduli of Na2 O-SiO2 glasses and their pressure and temperature
derivatives vary systematically with composition. Increasing Na2 0 content

results in decrease of p and E moduli. K modulus first decreases ("i0%

Na2 0) and then increases with increase in Na2 0. Low-soda glasses exhibit
anomalous behavior under pressure and temperature. The degree of anomalous
behavior decreases with increasing Na2 0, i.e., the pressure derivatives of

moduli increase and the temperature derivatives decrease with increase in

Na2 0.
b. The Giýýneisen parameters Yth and YHTincrease with Na2 . The disparity

between the Yth and YHT values decreases a,% Na2 0 increases; at 70 mole %
Na2 0 glass composition, the two values are the same. Yth increases with

temperature; the temperature dependence of Tth increases with Increase In

K Na2 0.

c. At room temperature, shear-wave attenuation at 30 MHz Is larger (P2
times) than the longitudinal-wave attenuation; both types of losses, how-

ever, increase with Na2 0.

d. The low-temperature attenuation peak (due to structural relaxation)

observed in fused silica at N470 K is also found in Na2 O-Sio 2 glasses. The

peak attenuation temperature is found to increase with increase in N420,

(
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indicating that the activation energy is Increasing with Na2 0, contrary to

what tas been previously reported for Na 2 o-GeO2 glasses (ref. 11). The

attenuation-temperature curves at these low temperatures show a reversed

relationship compared to that found at room temperature, i.e., the attenua-

tion peak height decreases with increasing Na2 0. Explanation is offered

in terms of the formation of Si-O-Na bonds, which are weaker than Si-O-Si

bonds.
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The elastic properties of the M2 0-SiO2 glasses vary systematically with
composition. Addition of M20 to S1O 2 structure causes increase in bulk
modulus '•g)of all the glasses, decrease in shear (i04-and Young's moduli (E) Q
of all but the Li 2 0-SiOn glasses, and increase in Poisson's ratio. Low M2O

_jlasses show anomalous elastic behavior under pressure, that is, dM/dP, where
M is any modulus, is negative. The values of dH/dP 1c`irease linearly with
M 20 content. Likewise dM/dT for the M2 0-Si02 glasses decreases with M2 0
content.

Effect of phase separation on the elastic properties is not significant;
however, their temperature dependence is sensitive to phase separation. --

-- Ultrasonic longitudinal '*)" and shear (a wave attenuation are found to

be linearly proportional to fre~uency.j• Both a p and as increase with M20
content; ap/a ratio varies from 2 to 2.6. 4d

,'The low-temperature attenuation peak found in fused silica at)47 K
broadens and shifts to higher temperature with increase in M 20 content.--- A

Implication of this is discussed In terms of transverse oxygen vibrations.

Coefficient of the thermal expansion (at) of M2 0-SiO2 glasses increases
in the order: K2 0-SiO2 > Na 2 0-SiO2 > Li 2 0-SiO2 glasses, and increases with

increase in M20 content. The a is found to vary quadratically with tempera-
ture.

Elastic properties of SiO2 -TiO 2 glasses containing up to "1l0% TiO2 ,
investigated to 5 kbar and 300 C, show that annealing causes density and Vs
to increase, and VP to decrease. The elastic propecties of the annealed
glasses vary systematically and more or less linearly with composition. Due

to the weakening of structure, all the moduli decrease. Addition of Ti02
also causes the glasses to become more anomalous under pressure and tempera-

ture (dM/dP and dM/dT become more negative and more positive, respectively).

This behavior, consistent with the thermal expansion data, appears to be

caused by increasing openness of the structure.
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